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Angle-Dependent Soft X-Ray Emission Spectra of Hexagonal Boron Nitride
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Hexagonal boron nitride (4-BN) is a basic boron compound, which has been widely used
as a reference sample in soft x-ray spectroscopy. It adopts a layered structure similar to graphite.
To obtain detailed structural information for #-BN using soft x-ray emission spectroscopy, we
have measured its angle-dependent soft x-ray emission spectra.

Commercially obtained #-BN power pressed on indium sheets and pyrolytic (p) BN plate
was used for spectroscopic measurements. Soft x-ray emission spectra in the B K and N K
regions were measured using a grating x-ray spectrometer installed in the undulator beamline,
BL-8.0.1. The photon energy of the monochromatized incident beam was tuned to about 230 eV
(for B K) and 430 eV (for N K). The incident angle (&) of the monochromatized beam to the
sample surface was adjusted to 15, 45 and 75 degrees. Measured x-ray emission spectra were
analyzed using discrete variational (DV)-Xa molecular orbital calculations.

Figure 1 shows the angle-dependent B K and N K x-ray emission spectra of p-BN. In the B
K spectra, intensity of the high-energy shoulder near 184 eV increases as @ increases. Intensities
of the low-energy satellite near 170 eV and the low-energy shoulder near 178 eV both decrease
as @ increases. In the N K spectra, intensity of the high-energy peak at 398.5 eV drastically
increases as @ increases, while intensity of the low-energy shoulders near 385 eV and 390 eV
decrease as @ increases. Upper panels of Figure 2 show the calculated density-of-states (DOS)
spectra of occupied B2p- and N2p-orbitals in the model cluster of B4sN4gH»4. These calculated
DOS spectra reproduce the x-ray emission spectra measured with an incident angle of 45 degrees.
Lower panels of Figure 2 show the B2p- and N2p-DOS spectra calculated by considering the
contributions of 6- and m-components in x-ray emission. In the B2p-DOS spectra, intensity of the
high-energy shoulder (near -4 eV) increases as € increases. Intensities of the low-energy shoulder
(-10 eV) and low-energy peak (-18 eV) decrease as @ increases. In the N2p-DOS spectra,
intensity of the high-energy peak (-2 eV) increases as 6 increases, while intensities of the low-
energy shoulders (-6 eV and —10 eV) decrease as € increases. These calculated spectra well
reproduce the measured angle-dependent x-ray emission spectra. Thus, it can be confirmed that
angle-dependent x-ray emission measurements will provide detailed structural information on A-
BN.

We thank Dr. J. Denlinger of the Lawrence Berkeley National Laboratory for his help and
support in performing x-ray emission measurements. This work is supported by the Hyogo
Science and Technology Association and the US Department of Energy under contract No. DE-
ACO03-76SF00098.

Principal Investigator: Yasuji Muramatsu, Japan Atomic Energy Research Institute. Email:
murama@spring8.or.jp. Telephone: +81-791-58-2601.
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Figure 1 Angle-dependent x-ray emission spectra in the B K (left panel) and N K (right panel) regions
of p-BN.

BK A N K

‘ \
A B

DOS and X-ray intensity (arb. units)

170 180 190 380 390 400
Photon energy / eV Photon energy / eV
£ | B2p-DOS N2p-DOS
=]
£
S
2
2
oy
%)
Q
a
Ll I ‘ L ‘ I Ll . L Ll L ‘ | | | ‘ I
-20 -10 0 -20 -10 0
MO energy / eV MO energy / eV

Figure 2 Upper panels show the occupied B2p- and N2p-DOS spectra of the B4gNysH,4 model cluster.
X-ray emission spectra measured with an incident angle of 45 degrees are superimposed on the calculated
spectra. Lower panels show the angle-dependent B2p- and N2p-DOS spectra with incident angles of 15, 45
and 75 degrees.
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INTRODUCTION

Relativistic effects in atoms have long been known to be important for photoionization dynamics
at high Z [1,2]. At low and intermediate Z, where the predominant effect of relativity has been
thought to be spin-orbit splitting of states into j=/+1/2 with differing threshold energies [1],
recent advances in experiment [3] and theory [4] have demonstrated observable consequences of
relativistic effects on photoionization dynamics. One of the most sensitive dynamical quantities
in photoionization is the energy of a Cooper minimum, where the dipole matrix element for a
particular channel goes through (or nearly goes through) zero. Relativistic interactions were
predicted to significantly affect Cooper minima two decades ago [2]. Here, we report on a
combined experimental and theoretical study of 4d photoionization in Xe where the spin-orbit
components 4ds,; and 4d;s,, are individually resolved. Experimentally this is difficult in the
energy region of the 4d — & Cooper minima because the dominant d —f contribution to the cross
section is very small. In the absence of dynamical effects due to relativistic interactions, Cooper
minima for 4ds,, and 4d3,, photoionization will be located at the same kinetic energy.
Consequently, S5 and S5, would be identical as a function of photoelectron energy. However,
the present measurements clearly exhibit differences in the S parameters and confirm the long-
untested theoretical prediction of Kim et al. [2]. Furthermore, 55/, and 5/, differ not only in the
immediate vicinity of the Cooper minima, but over a broad energy region, demonstrating the
importance of relativistic effects in the photoionization of intermediate-Z atoms over a much
larger energy range than previously suspected. The 4d — & non-relativistic Cooper minimum
splits into three minima relativistically; 4ds,, — &'/, 4ds — &7 and 4ds/, — &'s,. Each would
appear at the same photoelectron energy in the absence of dynamical effects resulting from
relativistic interactions.

EXPERIMENTS

To check possible systematic errors related to a particular experimental method, the
measurements were done independently with hemispherical and time-of-flight (TOF) electron
spectrometers at two different undulator beamlines at the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory. One experiment was carried out at beamline 10.0.1
using an endstation designed for gas-phase angle-resolved studies based on the Scienta SES-200
hemispherical electron analyzer (HEA) [5]. The analyzer is rotatable in the perpendicular plane,



allowing electron angular-distribution
studies. Measurements at the @ angles
of 0°, 54.7° and 90° were performed,
and angular-distribution parameters
were determined. In the TOF
measurements, performed at ALS
beamline 8.0, two analyzers are
mounted in the perpendicular plane at 01
6=0° and 6=54.7°, allowing Gt
simultaneous measurements for accurate 5 0
determination of Sparameters [6]. To
determine [ parameters, the data were
calibrated with the Ne-2s photoline, 1.0
which has a fixed S value of 2. In both @
experiments, for most of the data, the
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values of Sand used to estimate the from theory is the region of the 4p —ns,nd resonances. Also

difference B shown are theoretical predictions for the locations of the Cooper
BBz minima.

RESULTS

Calculations were performed using the relativistic random-phase approximation (RRPA) [7]
based upon the Dirac Equation; relativistic effects are included on an ab initio basis. All
relativistic single-excitation channels from the 4s, 4p, 4d, 5s and 5p subshells were included in
the calculation, a total of 20 interacting channels. As noted above, in the absence of relativistic
effects,  must be independent of j as a function of photoelectron energy. The present results for
s> and [ as a function of photoelectron energy are shown in the lower panel of Fig. 1, where
a clear difference is evident. To focus on this difference more clearly, values of S;,-5s/» are
shown in the upper panel of Fig. 1, where zero corresponds to the nonrelativistic expectation.
Also shown in Fig. 1 are the results of our RRPA calculations. The agreement is remarkably
good between theory and experiment. The part missing from the theoretical curve is the

4p —ns,nd resonance region where the theoretical results are affected by autoionization. There is
also excellent agreement between the two sets of experimental results, providing confidence in
the reliability of the measurements. Note particularly that the -parameter curves are not simply
shifted, but have different shapes, e.g., B;» goes lower than S/, and the differences persist to
higher energy. At still higher energies, recent work has shown that interchannel interactions are
pervasive and often dominant for most subshells of most atoms at most energies [8], so much so



that even the asymptotic form of the high-energy nonrelativistic photoionization cross section for
non-s-states is altered. Thus, as long as 4d photoionization does not dominate the total cross
section, significant interchannel interactions will modify the 4d transition amplitudes. But there
is no reason to expect these interchannel interactions will modify each relativistic amplitude in
the same way, i.e., interchannel coupling will cause observable differences between [, and S/
for all higher energies. Near threshold, it is also known s, and S/, differ due to differing
exchange interactions among the relativistic channels. Only in the shape-resonance region, 30-
80-eV kinetic energy, are there no differences between [, and [s/,, because the 4d cross section
dominates here and the energy is high enough so exchange interactions are no longer important;
interchannel interactions are negligible on/y in this narrow region. Thus, except for a small
energy region near the 4d shape resonance, equality of 35, and 5s/» is the exception, not the rule.

CONCLUSIONS

Finally, there is no reason to suspect Xe 4d is a special case; the results found in this work
should be quite general. We thus expect effects of relativistic interactions on interchannel
coupling will be widespread over all intermediate-Z atoms. These effects also should be manifest
in clusters, molecules, surfaces, and solids.
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INTRODUCTION

Silicon clathrates are networks of Si cages and can be considered as the Si-analog to fullerenes
(Ceo) With Silicon substituting the Carbon. The Si cages in clathrate structures share faces to
satisfy the sp® bonding. All Si-atoms in clathrates are tetrahedrally coordinated with the Si-atoms
occupying the centers of dightly imperfect tetrahedrons. Their indirect bandgap makes silicon
clathrates promising candidates for optoelectronical and thermoelectrical devices. It has been
shown recently that semiconductor clathrates also have thermoelectric properties [6] and can form
three-dimensional arrays of nano-sized clusters[7]. Although pure silicon and germanium
clathrates are predicted to be locally stable, experiments have been able to synthesize the metal-
doped clathrate compounds only. The interaction between the metallic impurity atoms inside the
clathrate and the semiconductor skeleton modifies the electronic structure of the clathrates. A
charge-balanced Zintl-phase model has been suggested for these compounds with the guest (alkali
metal or akaline earth) donating its charge to the host frame. This model was confirmed by band
structure calculations of NagSiss [8], KsGess [9] and Na,BasSiss [10]. Recent experiments
however, have raised the question whether the guest is close to being neutral in some cases[11-
12]. In order to estimate the validity of the rigid band model, we have carried out x-ray emission
measurements of crystalline Si (c-Si), KgSiss and NagSiss and compare these to our calculations.

DISCUSSION OF CALCULATIONSAND MEASUREMENTS

The densities of (occupied electronic) states (DOS) of Siss, NagSiss and KgSigs Obtained from
FLAPW calculations are shown in Fig. 1. The main features of total and partial density of states
(DOS) are very similar for al three compounds. Differences occur mainly in the degree of filling
of the energy bands by valence electrons and the energy position with respect to the Fermi level.
For Siss the valence band is completely filled and the conduction band is empty giving rise to its
insulating or intrinsic semiconducting behavior. In the cases of NagSiss and KgSiss the additional
sodium and potassium electrons fill the next energy band and the Fermi level is overlapping the
conduction band providing the metallic properties of this doped clathrate. Similar behavior has
been observed in calculated band structures of Geys and KsGeys and NagSiss and BagSiss. The
conduction-band density of states does not show strong modifications upon the inclusion of metal
atoms. Thisis due to weak hybridization between the Si4s conduction-band states and Na and K
states and indicates that metal-metal and metal-Si interactions are ionic and that Na and K act as
electron donors. Therefore alkali metal doping introduces a narrow band labeled as D in Fig. 1.
This band - directly below the Fermi level - is separated by an energy gap of severa eV from the
main density of electronic states (features A, B and C) and should give rise to a spectroscopically
observable feature. Its originisin the lowest conduction band in the undoped S clathrate. Our
calculations also indicate that a significant charge transfer from Naor K to the Si skeleton is



taking place and the rigid band model is a valid model for describing the electronic structure of
these clathrates. We define the rigid band as arigid shift of the Fermi level from the pristine Siz to
NagSizs When filling empty bands with electrons from the Na atom.
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Figure 1. Total and partial density of states (DOS) for Figure2. S L,3 XES of c-Si, NagSi4s and KgSi 4.

Sis and clathrates NagSiss and KgSiss.

Fig. 2 displaysthe Si L, 3 emission spectra of crystalline silicon (c-Si) and Si-clathrates (NagSiss
and KSiss) as solid dots. Three main features labeled A, B and C are observed in both, crystalline
Si and clathrates and are due to transitions from s, d and sd-like bands, respectively. The feature
D discussed above has its spectroscopic counterpart in the additional feature that is present at 99
eV and labeled D. Feature D is present only in the spectra clathrates. It results from transitions of
the lowest conduction band, introduced due to charge-transfer from the metal atoms and it
corresponds to feature D in Fig. 1. The spectroscopic presence of this band demonstrates good
agreement between experiment and density of state calculations and that the rigid band model isa
good description for these materials.
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Foundation for Basic Research (Projects 00-15-96575) and the NATO Collaborative Linkage Grant.
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INTRODUCTION

Due to their large energy gap and hardness, beryllium chalcogenides are interesting ma-
terials for improving the lifetime of optical devices made of other II-VI-semiconductors
by forming multinary alloys [2]. Amongst them, beryllium sulfide (BeS) is an indirect
semiconductor with a band gap of 7.4 eV direct and 4.7 eV indirect [1]. BeS, which is
presently only available in powder form, is the only sulfur-containing II-VI-compound
without any published experimental information about its electronic structure. This
is due to the fact that the commonly employed method of choice (photoelectron spec-
troscopy) cannot be applied to an insulating powder because of charging effects, the lack
of a suitable surface preparation method, and the fact that no sufficiently large single
crystals are available.

We have therefore performed a combined soft x-ray absorption (NEXAFS) and reso-
nant inelastic X-ray scattering (RIXS) study to investigate the electronic band structure
of BeS powder using high brightness synchrotron radiation in the soft x-ray regime. RIXS
is a bulk-sensitive photon-in-photon-out-process and therefore unaffected by charging ef-
fects as well as, to a large extent, by surface contaminations. Both NEXAFS and RIXS
spectra were collected utilizing the high-flux capabilities of beamline 8.0 and the SXF
endstation.

NEXAFS

Figure 1 presents NEXAFS spectra of four differently treated BeS and BeO samples. Due
to the insulating properties of BeS, electron-yield detection does not provide a reliable
absorption signal. We therefore have recorded the partial fluorescence yield between 98
and 110 eV, covering emission from the complete valence band region and avoiding the
contribution of the large elastically scattered peak for excitation energies above 110 eV.
The bottom three spectra were taken from a commercial BeS-powder (Alfa Aesar) with
a purity of 99% and a grain size smaller than 150 microns, mounted on carbon tape.
The powder was shipped under Ar atmosphere, and spectrum a) was taken right after
breaking the Ar seal. Spectrum b) was recorded after a 9-month storage in air, and
spectrum c) after an additional sputtering step with 2 keV Argon ions (3 hours, 4 pA



T T T T T T
| I NEXAFS RIXS
E ' Excitation Energy (eV): 114.0
" ; d | st iprondbe -
' : ) BeO
o W
= b 9 M
@ G
S b
3 I =
o \ [ &
3 e °) =
& b -BeS
S ' ‘
3 Lo
o ' !
: ' a)
\ ~
' BeO-edge
BeS-edge
.d PP R T T RS R RS T
110 120 130 140 150 95 100 105 110 115
Excitation Energy (eV) Emission Energy (eV)

Figure 1: Be 1s NEXAFS-spectra Figure 2: RIXS-spectra of BeS (solid lines)
for differently prepared samples. at excitation energies from 114 to 117 eV and

simulated spectra based on an LDA-calculation
(dashed lines).

sample current). Spectrum d) was taken from a BeO-reference sample, in order to identify
the contributions from surface oxidation of the BeS-powder. While a comparison of the
BeS- and BeO-spectra reveals a substantial contribution of oxide even for the fresh BeS
powder, presumably due to humidity in the Ar atmosphere (BeS + HyO — BeO +
H,S), we can nevertheless identify an excitation energy range (114-117 eV), in which
only transitions into the conduction band of BeS are possible (gray region in figure 1).
This is due to the fact that the band gap of BeO is substantially larger (11 eV direct
band gap [3]) than that of BeS.

RIXS

Figure 2 shows the RIXS spectra (solid lines) recorded for the energy regime in which a
resonant excitation into the BeS conduction band is possible (114-117 eV). The spectral
shapes show an obvious dependance on the excitation energy revealing detailed informa-
tion about the band structure of BeS. The theory for a detailed interpretation of such
effects was first developed by Y. Ma [4] and is briefly outlined here. The excitation and
de-excitation of the intermediate (undisturbed) state have to be considered as a com-
bined one-step process which preserves crystal momentum, i.e., both the exciting and



the emitted photon interact with the solid state band structure at the same k-vector of
the brillouin zone if one neglects the momentum transfer of the photons [4]. This one-
step scattering process can be described by the 'Kramers Heisenberg’ formalism. This
is generally applied for a description of Raman scattering processes and indicates the
visualization of RIXS as an electronic Raman scattering process. In case of a 'disturbing’
event during the RIXS process (e.g. phonon scattering), the ’coherence’ of the excitation
and emission process is lost and the momentum is no longer preserved, i.e. emission
appears from almost all regions of the brillouin zone. In consequence, an experimental
XES spectrum is always composed of two components: a coherent and an incoherent
fraction. The latter resembles an emission spectrum excited far above the absorption
edge where conduction band states are available almost all over the brillouin zone. This
fact was used to isolate the coherent fraction of the experimental spectra by subtracting
a spectrum at high excitation energy (in this case at 150 eV) from the original data.
The coherent part which is shown in figure 2 (solid lines) can be simulated with the
help of a three-dimensional band structure calculation. Such simulated RIXS-spectra
were computed based on an LDA band structure calculation of BeS [1]. The calculations
simulate the RIXS process by taking the full matrix element into account. Thus, they
utilize a three-dimensional E—spaee representation of the occupied and unoccupied states
as well as the dipole operator , leading to the application of dipole selection rules. Also,
the band gap of the LDA band structure was corrected by suitable GW-calculations.
The LDA-based results are presented as dashed lines and show good agreement with
the experimental data. The broadening of the emission spectrum to lower as well as
to higher emission energies with rising excitation energy indicates the dispersion of the
valence states typical for a material with indirect band gap. In the present case, the
broadening is due to probing the states between the conduction band minimum at the
X-point and other high symmetry points (I'- and W-point). At energies above 117 eV
one should be able to excite electrons into unoccupied states at high symmetry points
other than the X-point. This should result in strong resonances in the RIXS-spectra. For
examinations at these energies, a BeS sample with very low surface oxidation is needed.

CONCLUSIONS

RIXS is a uniquely suited tool for studying the electronic structure of insulating BeS
powder. By exciting within the band gap of BeO-surface contaminations, it is possible to
probe the occupied and unoccupied states of the BeS bulk. A comparison with calculated
spectra based on three-dimensional LDA gives very good agreement with the coherent
part of the experimental RIXS spectrum.
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INTRODUCTION

In the last few years the manganese perovskites La;_,A,Mn;_,TM, O3 (A = Ca, Ba, Sr,
TM = Co, Ni, Fe) have been subject to intense experimental and theoretical studies due to
the colossal magnetoresistance effect (CMR) [1, 2, 3]. The mother compound LaMnQOj is
an A-type antiferromagnetic insulator with orthorhombic crystal structure. We present
results of Resonant X-ray emission spectroscopy (RXES) of LaMnOj performed at at
Beamline 8.0.1 equipped with SXF endstation.

Recently the CMR effect in a double perovskite system, SroFeMoQOg, has been discov-
ered [4]. This material shows a strong effect at low magnetic fields and a high ferromag-
netic transition temperature (T, ~ 420K) and a half metallic behaviour as predicted on
the basis of band structure calculations. In contrast SroFeWOQg is an antiferromagnetic
insulator [5]. Because of the different transport properties of these two materials, it is
predicted that an alloy SroFeMo,W;_,Og will show a metal-insulator transition (MIT)
as a function of x. While in an earlier work the critical concentration was reported to be
between 0.4 < x, < 0.5 [6], Ray et. al. found x. ~ 0.25 [7]. The aim of this work is to
investigate the influence of the predicted MIT to the partial density if states. Therefore
we recorded RXES data at the L edge of Fe, the M edge of Mo, and the K edge of O of
SroFeMoOg and SroFeMo, W;_,Og, respectively.

RESULTS AND DISCUSSION

SI‘QF@MOOG and SI‘QF@MOQ‘GWOAOG

Figure 1 shows the Fe L-emission spectra taken at indicated excitation energies, for both
samples.

We recognise that these spectra for both materials look very similar. One can in-
vestigate additionally to the NXES-peak a rather weak elastic peak. At Ec &~ 720 eV
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Figure 1: Fe La emission spectra of SroFeMoOg and SroFeMog W 4Og

a strong resonance for both samples can be observed. At E.. = 738 eV one observes
an emission from the 3d level not only into the 2ps/; level but also into the 2p;/; level.
The intensity ratio of both components is slightly below the expected value of 2. This
indicates the presence of Coster-Kronig-transitions. The O Ka-emission spectra (not
shown here) show for both materials only a weak energy dependence. The main emis-
sion features can be observed at 525.5 eV for both samples. This results are in good
agreement with the relusts of Ray et. al. [7], the measurements of Fe L-emission of
SroFeMog W .40Og show no significant difference compared to the recorded spectra of
SroFeMoOQOg, thus SroFeMog gW(.4Og shows halfmetallic behaviour, although doped with
40 % tungsten on Mo lattice site.

LaMnO;

In figure 2 we present Mn L-emission spectra of LaMnQOg. The Mn L 5 emission features
are strongly dependent on the excitation energy. At E.,. = 642.7 ¢V a maximum in
intensity of three emission peaks around 640 eV is observed. With increasing excitation
energy, the intensity of the Ly emission peaks drops to almost zero when the L3 emission
peak reaches a maximum of intensity around 650 eV. At higher excitation energy the
normal x-ray emission takes place. These results are in in further evaluation in order
to prepare further measurements on La;_,A;Mn;_,TM,O3 (A = Ca, Ba, Sr, TM = Co,
Ni, Fe)-compounds. These measurements are necessary for a deeper understanding of
hybridization in presence of different dopants in different concentrations.
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Fluorination of graphite leads to the formation of polycarbon monofluoride (CF), and
polydicarbon monofluoride (C,F),. These compounds are exceptional lubricants under high
temperature and high vacuum and quite successful cathodic depolarizers in a high-energy density
battery. It is supposed that their structure is layered and altered from graphite by inserting
covalently bonded fluorine atoms above and below every hexagon in each layer. According to
Ref. 1 the structure of graphite fluorides is an infinite array of ¢rans-linked cyclohexane chairs. It
also has been suggested that it might be an infinite array of cis-trans-linked cyclohexane boats
[2]. First principle calculations of the stability of these two configurations have shown that the
energetic difference between these two structures is 0.0725 eV/atom in favour of the chair
conformation, which is considered now the optimal structure for graphite fluorides [3]. Based on
these recently performed ab-initio band structure calculations for (CF), it has been concluded
that carbon atoms have completely lost their aromatic nature [3]. In order to experimentally
verify these conclusions regarding the chemical bonding, we have measured carbon and graphite
X-ray emission spectra (XES) of (CF), and (C,F),.

The measurements were performed at Beamline 8.0 using the soft X-ray fluorescence endstation
[4]. The samples were excited non-resonantly at 310 eV and 720 eV. Fig. 1 a shows X-ray
fluorescence measurements of (CF), and (C,F), [5]. Carbon Ka XES of (CF), and (C,F), display
features labelled /-5 that are more similar to those of diamond where carbon atom has sp3
bonding configuration than to graphite (configuration spz). Our findings confirm that in (CF),
and (C,F), all carbon atoms are of sp’ type and covalently bonding to fluorine. This is in good
agreement with results of nuclear magnetic measurements [6] according to which a resonance
line is observed in the >*C NMR spectrum of graphite fluoride and attributed to the sp’ carbon
atoms. Fig. 1 b presents fluorine Ko emission measurements of (CF), and (C,F),. A chemical
shift in the F Ka emission spectra of about 0.7 eV takes place with respect to the spectrum of the
ionic compound LiF. On the other hand, an increase in line width is observed for F Ko XES of
(CF), (~3.1 eV) and (C,F), (~3.6 eV) with respect to that of LiF (~2.8 eV). Both effects could be
due to an increase in covalency in the chemical bonding. The fluorine spectra therefore also show
that fluorine atoms are covalently bonding to carbon atoms.
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Fig. 2 shows carbon and fluorine spectra of (CF), in the binding energy scale. The emission
energies are converted to binding energies using XPS C 1s and F 1s measurements of (CF), [Ep..
(C 1s) = 290.4 eV and Ey. (F 1s) = 689.6 eV. These emission spectra are caused by 2p—1s
dipole transitions and therefore give a possibility to study the occupied carbon and fluorine 2p-
states. Both spectra show a negligible intensity in the vicinity of the Fermi level, which is in
agreement with electrical measurements of (CF), according to which this material is an insulator.
The intensity maximum of fluorine Koo XES occupy some intermediate position between two
main peaks of carbon Ko XES of (CF),. According to the band structure calculations [3], F 2p-
states are located at the bottom of the valence band: the F ¢ band is separated from the bottom of
the C o band by a gap of 8.4 eV at I' and the F n-bands span a 6.8 eV range below the Fermi
level interacting with lower m and upper ¢ carbon bands. The experiment shows (see Fig. 2) that
F 2p-states are located at the middle of the valence band pushing up and down the carbon 2p-
subbands. Our findings are more close to results of semi-empirical MO LCAO calculation of
electronic structure of (CF), [7]. According to these MO LCAO calculations, carbon 2p-states
form two subbands originating from c(C-C), 1*(C-F) and o(C-C), t©(C-F) orbitals, respectively,
divided by ~4.7 eV (Fig. 2b). Fluorine 2p-states are formed by the F 2p lone pair and occupy
energy range between carbon 2p-subbands (Fig. 2b). The tails of fluorine 2p-states overlap with
carbon 2p-states forming t*(C-F) and t(C-F) bonds. This MO LCAO structure is in an agreement
with carbon and fluorine Kow XES (see Fig. 2a). The splitting of C Ko XES of (CF), is found to
be about 4.6 eV and F Ko XES is located exactly in minimum between two peaks of carbon
spectrum.



To conclude, we have studied X-ray emission spectra of constituents of (CF), and (C,F),. We
found that carbon atoms are of the sp’ type and covalently bound to fluorine. Our measurements
show that results of band structure calculations based on chair-type structure of (CF), are not
confirmed. Therefore the crystal structure of graphite fluorides is still not solved and must be
refined.
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INTRODUCTION

Cu metal and its oxides have recently attracted considerable attention for the study of the
electronic structure of copper oxides based on the superconducting matters. The Cu L X-ray
emission spectra of Cu metal and its oxides have been measured by many laboratories for
studying the electronic structure of the valence bands and the effect of chemical bonding on the
satellites structure of the main peak of Cu Lo X-ray emission using usual X-ray source [1,2]
and synchrotron radiation [3-5]. The incident photon energy dependence was measured for Cu
L, 3 satellites using synchrotron radiation [3-5]. Changes in the Cu L3 X-ray emission spectra
with Cu metal and its oxides have been measured using electron excitation by Fischer [6]. He
found that relative intensity Lp1/La 2> significantly depends on the incident electron energy and
the target. The relative intensity L1/ .12 decreases with increase of excitation energy and it
increases considerably for the oxides as compared to the metals.

In the present experiment, we have measured excitation-energy-dependence of Cu Ly 3 X-ray
emission spectra of Cu, Cu,O and CuO using synchrotron radiation in order to study the effect
of chemical bonding in the excitation and deexcitation processes of inner-shell electrons of Cu
metal and its oxides.

EXPERIMENT

The Cu (99.99 %) foil sample and sintered Cu,O (99.9 %) and CuO (99.9 %) samples were
commercialy obtained. The spectra measurements in the Cu L region of these samples were
performed at the beamline BL-8.0.1 for X-ray emission and fluorescence yield (FY) X-ray
absorption measurements and at BL-6.3.1 for total-electron yield (TEY) X-ray absorption
measurements.

In order to determine the excitation energies, XA spectra were measured by total electron-yields
measurements. The incident photon current was continuously monitored using a gold mesh in



front on the sample to normalize the XE spectra
RESULTS AND DISCUSSION

Cu L3 X-ray emission (XE) spectra of Cu,
Cu2O and CuO spectra were measured at ten
different excitation energies from 930~934 eV,
at the L3 threshold energy, up to energies as
high as 990 eV, above the L, threshold energy.
Figure 1 shows Cu L, 3 XE spectra normalized
to the integrated photon flux, excited at specific
energies. The spectra were measured at
930~934 eV (L3 threshold), at 950~952 eV (L
threshold), and a 990 eV (above the L,
threshold). The relative intensity LPi/Lou2
significantly depends on the incident photon
energy and the target. The intensity ratio for the
Cu target is constant at any incident photon
energy. On the other hand, those for the Cu,O
and CuO targets are the highest at the L,
threshold energy, decrease abruptly just after
the L, threshold energy, and then increase with
the incident photon energy. This tendency is of
interest from the view of the chemical effects
on the excitation and deexcitation processes for
inner-shell electrons.
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INTRODUCTION

The familiar dipole approximation [i.e., exp(ikl)=1] limits photon interactions to purely electric-
dipole (E1) effects. For photoemission processes, this approximation leads to the well-known
expression for the differential photoionization cross section,

do () o—(hv){ﬁﬂ(zhv) (3“,529_1)} (1)

dQ 4

which describes the angular distribution of photoelectrons ejected from a randomly oriented
sample by 100 % linearly polarized light. Here, 0(4V) is the partial photoionization cross
section, and 0 is defined as the angle between the outgoing electron and the photon polarization
vector of the incoming, linear polarized light. In the dipole approximation, the parameter (% V)
completely describes the angular distribution of photoelectrons, and all higher-order interactions,
such as electric-quadrupole (£2) and magnetic-dipole (M1), are neglected. Over the past few
decades, the dipole approximation has facilitated a basic understanding of the photoionization
process in atoms and molecules, as well as the application of photoelectron spectroscopy to a
wide variety of condensed-phase systems.

Beyond the dipole approximation, predictions and observations of high-photon-energy (hv = 5
keV) deviations from dipolar photoelectron angular distributions have enjoyed a successful
history dating from the 1930's. Small deviations from expected dipolar angular distributions at
photon energies between 1 and 2 keV were attributed qualitatively to the effects of higher-order
photon interactions. These so-called nondipole effects in the angular distributions of
photoelectrons, which are primarily due to first-order (E2 and M1) corrections [O(k)] to the
dipole approximation [i.e., exp(ik(d) =1 + ik[d], were later shown to lead to the expression

do(h) _a(hv)
dQ 4

1+

,B(ZhV) (3 cos’ 8 —1) +(5(h|/) +y(h|/)(:os2 6’) sin@cos @ (2)

for 100 % linearly polarized light. The angle 0 is defined above and @is the angle between the
photon propagation vector and the projection of the electron momentum vector into the plane
perpendicular to the photon polarization vector. y(/V) and &4 V) are the nondipole angular-
distribution parameters attributable to first-order interactions only. Values of the first-order



nondipole parameters are determined by
the strength of electric-quadrupole (E2)
and magnetic-dipole (M1)
photoionization amplitudes relative to
the corresponding electric-dipole (E1)
amplitudes. Expressions for y and 0
include only cross terms of the E2 and
M1 amplitudes with the E1 amplitudes;
“pure” quadrupole or magnetic-dipole
interactions are not present in the first-
order correction. Because the pure
transitions are not included, the only
manifestation of the first-order
breakdown in the dipole approximation
will be a change in the angular
distribution of photoelectrons,
specifically a forward/backward
asymmetry relative to the photon
propagation direction. The initial
experiments motivated theoretical work,
and more recent publications include
quantitative predictions for a variety of
atomic subshells. To date, all published
experimental nondipole data did not IR S IR R B

separate the y and & parameters, except
for the special case of ns photolines,

where 0=0. The sum of y and d parameters
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Figure 1. Photoelectron angular-distribution anisotropy

parameter, & (open triangles), y (open circles), and C (filled
circles), for Ne 2p. The theoretical data (solid line) are
independent-particle calculations.

is commonly expressed using the
parameter ({ = y+ 30), which has been
used for most of the experimental and
recent theoretical work. The present work concentrates on the separate determination of y and &
parameters for Ne 2s and 2p valence photoemission between 150 and 1200 eV and comparison
to theoretical data.

EXPERIMENTS

The present experiments were performed at the Advanced Light Source (ALS) of the Lawrence
Berkeley National Laboratory on undulator beamline 8.0, which covers the 80-1300 eV photon-
energy range. During the measurements the ALS operated at 1.9 GeV in two-bunch mode with a
photon pulse every 328 ns. Four time-of-flight (TOF) electron analyzers, equipped with
microchannel-plate detectors, collected spectra simultaneously at different angles. The
interaction region was formed by an effusive gas jet intersecting the 0.4-mm-diameter photon
beam. Energy resolution of the TOF analyzers with a focus size of 0.4 mm is about 1% of the
final electron kinetic energy. A retarding voltage was used to slow the high-kinetic-energy
electrons to a final kinetic energy of about 200 eV, thus maintaining the analyzer resolution at
about 2 eV.



RESULTS

Figure 1 shows the experimental and theoretical data for the y, 8, and { parameters for Ne 2p
photoionization. All data agrees very well with theory but for certain energies it was not possible
to satisfactorily separate the two parameters Y and 0 and therefore the separated nondipole
components Y and & show less data than there are shown for {. Even though 0 is very small for
the Ne 2p photoionization it is not zero and clearly shows a trend to increase with photon energy.
The relatively large error bars reflect a possible systematic uncertainty and not the statistical
error of each point.

CONCLUSIONS

In summary, this is the first comprehensive study of dipole and nondipole angular-distribution
parameters for atomic valence photoionization, in this case covering the photon-energy region
from 150 eV to 1200 eV. For the first time the individual nondipole parameters y and o have
been separately determined for a non-s-subshell photoline. The measured nondipole
contributions to the photoelectron angular distributions agree very well with existing
calculations. It is important to appreciate the fact that doing gas-phase and solid-state angle-
resolved photoemission experiments can show sizeable nondipole effects below 1 keV; this work
clearly demonstrates nondipole effects may need to be considered in photoemission
measurements, even for hv<1 keV.
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Total-electron-yield (TEY) x-ray standing-wave measurements of multilayer x-ray mirrors
have been performed, by monitoring sample photocurrents in BL-6.3.2 to obtain information on
their layer/interface structure. Specifically, we have measured mapping spectra of x-ray standing-
wave signals in a Mo/Si multilayer at normal incidence, which visibly illustrates the spatial
distribution of layer structure in the sample plane.

The Mo/Si multilayer x-ray mirror, deposited on a 4-inch silicon wafer, consists of 50
periods of 19.6-A Mo and 45.2-A Si layers. The multilayer x-ray mirror sample is mounted on a
sample holder in the reflectometer and a wire is connected to monitor the sample photocurrent. In
total electron yield (TEY) x-ray absorption spectral measurements, x-ray standing-wave structure
is observed when the photon-energy/wavelength of incident x-rays and the incident angle satisfy
the Bragg reflection condition of the multilayer sample.

Figure 1 shows the TEY x-ray standing-wave spectra of a Mo/Si multilayer mirror
measured along the 4-inch-wafer-size sample plane at the center (denoted by A in the Figure),
middle (Bx, By) and periphery (Cx, Cy) positions. In the center position spectrum, standing-wave
structures are observed near 96 eV and the standing-wave peak is observed at 97.68 eV. In the
spectra of the middle and periphery positions, standing-wave structures are clearly shifted to
higher-energy regions. Figure 2 shows the mapping spectrum of TEY x-ray standing-wave
signals over the quarter of the 4-inch-wafer-size Mo/Si multilayer mirror measured with an
incident angle of 90°. The photon energy of incident x-rays is fixed at 97.68 eV, identical to the
peak energy of the center position x-ray standing-wave. The spot size of incident x-rays on
samples is estimated to be less than 0.5 mm®, and spectra are obtained using a 1-mm step scan
along the x- and y-axes. This figure depicts periodic-length-changes of Mo/Si layers in the
sample plane; the Mo/Si layers gradually become shorter from the center toward the periphery.
The contour line also reveals a distribution of layer structure that is slightly wider along the y-
axis than along the x-axis. This implies the sputtering source gas used in the deposition process
of the multilayers is distributed slightly offset from the y-axis. These results indicate that TEY x-
ray standing-wave measurements are useful for evaluating the layer/interface structure of
multilayer x-ray mirrors.

We express thanks to Dr. H. Ito and Dr. K. Nagai of the NTT Advanced Technology
Corporation for the preparation of multilayer samples. This work is supported by the Hyogo
Science and Technology Association and the US Department of Energy under contract No. DE-
ACO03-76SF00098.

Principal investigator: Yasuji Muramatsu, Japan Atomic Energy Research Institute. Email:
murama@spring8.or.jp. Telephone: +81-791-58-2601.
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Figure 1 TEY x-ray standing-wave spectra of the Mo/Si multilayer measured at the center (denoted by
A), middle (Bx, By), and edge (Cx, Cy) positions along the 4-inch sample plane.
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Magnetic reversal of perpendicularly biased Co/Pt multilayers
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IN-PLANE AND PERPENDICULAR EXCHANGE BIAS

Exchange-bias (EB) is a phenomena in which suitably prepared systems consisting of a
ferromagnetic (F) phase in contact with an antiferromagnetic (AF) phase produces in an offset of
the hysteresis loop of the F phase and an enhancement of its coercivity [1,2]. Although well
established, a convincing microscopic description that explains experimental details of exchange
bias has remained elusive [3,4]. A recent focus of experimental attention has been the interaction
of EB with the details of the magnetization reversal of the F layer in thin film systems [5-7]. A
common finding in thin film systems having in-plane anisotropy is that exchange bias produces
an asymmetrical shapein the F layer hysteresis|oop that isrelated to differencesin its magnetic
reversal mode on the ascending and descending branch [5-7].

A new class of EB film systems involves F layers having perpendicular, not in-plane,
magnetic anisotropy (PMA) [8]. We are studying perpendicularly biased Co/Pt multilayers using
laboratory measurements and resonant soft x-ray magnetic small-angle scattering (SAS) [9].
Hysteresis loops measured using SQUID magnetometry reveal the expected coercivity
enhancement and loop shift, but do not show asymmetric loop shapes[9]. Our goa in ALS
experiments was thus to use resonant SA S to study the distribution of magnetic domains around
exchange biased hysteresisloopsto determine if EB systems having PMA show differencesin
these properties compared to EB systems with in-plane anisotropy.

SCATTERING FROM MAGNETIC STRUCTURE THROUGH REVERSAL

Resonant magnetic SA S has been shown to be extremely sensitive to the presence and
gpatia distribution of magnetic domainsin F Co/Pt multilayers[10]. This high sensitivity results
because the predominant scattered intensity originates precisely from the magnetic heterogeneity
associated with the ferromagnetic domains, and this scattering is orders of magnitude stronger
than the scattering when the F films are saturated.

The sample studied here consists of a compound multilayer structure asindicated in Fig.
1, and can be described as a{[Co(4 A)/Pt(7 A)]4Co(6 A)/CoO(10 A)} 1o superlattice. Thereare
ten F sublayer regions each consisting of a Co/Pt multilayer of 4.5 periods. Each of these F
sublayer stacks has PMA and is sandwiched between AF CoO layersjust 1 nm thick. This
sample thus has 20 F/AF exchange bias interfaces distributed in depth through its structure, and
was grown onto a SiINx membrane for transmission x-ray scattering measurements.

Figure 1. Schematic of part of the compound {[Co(4 A)/Pt(7 A)],Co(6
A)ICo0(10 A)} 4 structure forming the perpendicularly biased Co/Pt multilayer
structure studied here. The 4.5 bilayer thick Co/Pt regions form ferromagnetic
sublayers having perpendicular magnetic anisotropy. Each of these is sandwiched
between two layers of antiferromagnetic CoO, producing a perpendicularly biased
structure in which the bias is distributed in depth through the structure. In this
schematic CoO layers are grey, Co layers are black, and Pt layers are white.
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K to set the bias direction. The sample was after positive saturation (descending branch) and H = 2.1
thus saturated with no domains present kOe after negative saturation (ascending branch).

during this cooling.

Shown in Figure 2 are several SAS hysteresis scans measured at 85 K and g = 0.027 A
corresponding to an in-plane spatial frequency of 217q = 235 nm matching the periodicity of the
labyrinth domains observed at room temperature. The scans show the first, second, and twentieth
field cycles, each exhibiting expected strong scattering peaks resulting from the domains formed
on reversal, and anegative biasfield. Two effects are evident on repeated field cycling. First,
there is a systematic shift of the nucleation fields Hy and saturation fields Hs toward the origin.
Second is an increase in peak intensities on cycling. Both effects are more pronounced for the
descending than the ascending branch of the loops, and can be understood as training effects (i.e.,
relaxation of AF CoO grains) often observed in polycrystalline EB structures.

Scans of H and q after the 20™ cycle, beyond which training effects were negligible, are
shown in Figure 3. The H scans show the ascending and descending peaks overlaid after
correcting for the biasfield He. While there are differencesin theinitial reverse domain
nucleation processes (i.e., the shapes of the curves as the peak starts to grow from low |[H — Hg|,
once nucleated the reversal behavior of the sample after training appears identical in both field
directions.



The g scansin Fig. 3b are obtained at H = -2.8 and 2.1 kOe corresponding roughly to the
peak intensitiesin Fig. 3a. The lack of a strong peak in these g scans is consistent with a
relatively disordered domain structure during reversal. Because the q scans measure the spatial
frequency spectrum of the magnetic domains, their near equivalence on ascending and
descending branches confirms that on average the domain distribution is nearly identical on
reversal in both directionsin the biased state. We note that the q scans for this sample when it is
demagnetized, either at room temperature or after zero-field cooling, do show pronounced peaks
similar to that in Ref. 10, indicating that exchange bias does alter the spatial distribution of
energies that determine the domain distributions during reversal.

CONCLUSIONS

Thiswork further demonstrates the high sensitivity of resonant soft x-ray scattering to
magnetic domain structure present during the reversal of ferromagnetic films. We find that there
are clear differencesin the initial nucleation properties of reverse domains on the ascending and
descending branches of the hysteresis |oops, in agreement with studies of in-plane EB systems.
Once nucleated, however, the evolution of these reverse domains is quite symmetric with respect
to positive and negative field sweeps for this and similar samples studied. This behavior for
perpendicular EB filmsisin contrast to many experiments from in-plane biased systems. We can
understand the differences to result from the collinear uniaxial magnetic anisotropy and
unidirectional exchange bias axisin the perpendicular bias samples studied here, whereas
samples having in-plane anisotropy rarely have a single, unique anisotropy axis. These results
thus suggest that asymmetric reversal is not an inherent property of exchange bias systems but
rather depends on the anisotropy and microstructure of the constituent layers.
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INTRODUCTION

In prior work at the ALS, it has been pointed out that a new type of interatomic resonant
photoemission effect exists, and that this effect furthermore has the potential of providing a useful
probe of near-neighbor atomic identities, bonding, and magnetism [1-5]. The phenomenon has been
termed multi-atom resonant photoemission (MARPE). In measuring this effect, the photoelectron
intensity of a given core level from atom "A" (e.g. O 1s from MnO) is monitored while the photon
energy is tuned through a strong absorption edge for a core level on another atom "B" in the sample
(e.g. the Mn 2p edges in MnO). Initial observations on MnO and other metal oxides appeared to
show significant entirely-positive interatomic resonant effects in photoemission of up to 100% [1].
Additional measurements in Auger emission and soft x-ray emission from MnO seemed to confirm
that such effects were also present in secondary decay processes as a result of resonant enhancement
of the initial O 1s core hole formation [2]. A theoretical model for these effects based on the
extension of intraatomic resonant photoemission ideas to the interatomic case was also developed
and compared favorably with experiment [3]. Other measurements on transition-metal compounds
[6] and an adsorbate-substrate system [7a] seemed to confirm these measurements and analysis.

Subsequently, it has been realized that such experimental measurements require very careful
allowance for potential detector non-linearities [4,5,7b], since the observed electron intensities
(particularly inelastically scattered backgrounds) change dramatically in going over any core
resonance. In particular, the detector used for several of the first MARPE studies [1,2,4-7a], the
standard microchannel plate-plus-phosphor-plus-CCD camera incorporated in the Gammadata-
Scienta series of electron spectrometers, exhibits not only a typical saturation effect for high
countrates, but also a strong quadratic component of counting that goes above linear for low
countrates. Thus, spectra obtained in this low-countrate regime, while not exhibiting any kind of
saturation effect, can be artificially enhanced in intensity in passing over a core-level resonance.
Methods of accurately correcting spectra for these non-linearities have been discussed [4,5,7b, and
abstract by Mannella et al. in this 2001 Compendium]. When these effects are allowed for, the
magnitude of the effect is reduced and the form is found to change, with the shape usually involving
a negative-then-positive swing in intensity reminscent of a Fano profile in form [4,5,7b,8].

We here report more recent experimental results providing further evidence of such interatomic
resonant effects in photoemission, for two very different limiting-case types of systems: a cleaved
single-crystal oxide-NiO and a free molecule-SFs. These data are discussed in terms of existing
theoretical models for such MARPE effects [3,5], in particular, an x-ray optical (dielectric)
approach that well describes the NiO data and a microscopic quantum mechanical model that should
be useful in describing the SF¢ data.



EXPERIMENTAL PROCEDURE

The NiO measurements were performed on beamline 4.0.2 and made use of the Advanced
Photoelectron Spectrometer/Diffractometer located there. Detector non-linearities were corrected
for in all data presented here, using methods described elsewhere [4,5, and abstract in the 2001
Compendium]. A NiO single crystal was cleaved just before insertion into ultrahigh vacuum via a
loadlock, then ion bombardment and annealing in oxygen to remove minor surface contaminant
levels and assure correct stoichiometry before measurement. The incidence angle of the radiation
was varied from grazing values of 5° to much higher values up to 40° (cf. experimental geometry in
Figure 1(a)).

The SF¢ measurements were performed on beamline 8.0.1 and made use of a time-of-flight
spectrometer described in detail elsewhere [9]. The detectors in this spectrometer are positioned in
angle with respect to the incoming radiation and polarization vector such that non-dipole
contributions to the angular distributions can be readily measured with high accuracy. For
reference, the angular distributions of photoelectrons from a randomly oriented ensemble of free

molecules is given by do/dQ =(c/4x){ 1+ BP,(cos®,) +[5 +ycos’ O, ] sin@,cos®, } , with Bthe

dipole asymmetry parameter and dand ythe first-order non-dipole parameters (cf. geometry in
Figure 2(a), with @, being the azimuthal angle around the polarization vector &) [9].

EXPERIMENTAL RESULTS AND DISCUSSION

NiO(001): In Figure 1, we show experimental O 1s intensities from NiO as a function of photon
energy and for five different x-ray incidence angles. For the lowest incidence angle of 5°, the effect
of crossing the Ni 2p absorption resonances is dramatic, yielding a negative-then-positive excursion
on crossing 2ps» whose amplitude is 75% of the intensity below the resonance. The magnitudes of
these effects decreases as the incidence angle is increased, falling off to about 5% for an incidence
angle of 40°.

Also shown in Figure 1 are theoretical curves based on an x-ray optical model of such effects, as
discussed previously [5]. The optical constants that are key inputs for this model have been derived
from concomitant partial-yield x-ray absorption measurements, with corrections for x-ray incidence
angle and secondary electron takeoff angle [4], and subsequent Kramers-Kronig analysis [5]. The
resulting theoretical curves are in excellent agreement with experiment for the lowest angle, and the
agreement is very good for all other angles as well, although with some overprediction of the
amplitudes at the higher angles. Non-zero effects are observed and predicted over the full angle
range, in qualitative agreement with prior data for MnO [5]. These data thus disagree with one
aspect of an earlier study of NiO by Finazzi et al. [8], in which they did not observe any sort of
MARPE eftfect in O 1s emission from NiQO; this lack of any effect appears to be due to measuring
with too high an incidence angle and having insufficient statistical accuracy to resolve the small
remaining effects seen, e.g. in Figures 2(e)-2(f).

We thus expect such MARPE effects to be observable in photoemission from any solid surface,
with strength depending on the relative intensities of the absorption resonances. Furthermore, for
homogeneous systems with flat surfaces, the x-ray optical model should provide a reasonably
quantitative picture of the observed phenomena. Effects following an x-ray optical analysis have
also recently been observed for photoemission from an adsorbate on a metal-N,/Ni(001) [10]. For
more complex cases with, e.g., three-dimensional nanometer-scale heterogeneity, the use of a
microscopic model will be more appropriate.

SFe: In Figure 2, experimental results for SF¢ are summarized. The x-ray absorption coefficient
is shown in Figure 2(b), and the S 2p photoemission intensity and its asymmetry parameters were
measured as photon energy was scanned across the "A" absorption resonance (corresponding to a F



Ls t1,-to-a* o excitation). Although the total S 2p intensity (proportional to g) does not show a
significant change in crossing the resonance (<few %), the dipole asymmetry parameter [ (as shown
in Figure 2(b)) exhibits about a 15% excursion in magnitude that is also of the same general form as
those in Figure 1. Similar effects are also seen in the parameters dand y[11].

Thus, interatomic resonant effects are also seen in this free molecule, and although they are too
small to be observed as yet in the total intensity, they are clearly observed in the various asymmetry
parameters. No theoretical calculations have as yet been performed for this case, but the x-ray
optical model would clearly be inappropriate, and a microscopic approach such as that discussed
previously [3,5] is the logical starting point for understanding these effects.

CONCLUSIONS

Multi-atom resonant photoemission effects are found in both the total intensities from
homogeneous solid surfaces and adsorbates on such surfaces, for which an x-ray optical model is
found to well describe the data, and in the angular distribution asymmetry parameters of a free
molecule, for which a microscopic theoretical approach will be necessary. Similar effects in
nanoscale structures will lie somewhere between these two cases.
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Figure 1. (a) Experimental geometry for measurements on Ni(001). (b)-(f) O 1s intensity as photon energy is scanned
through the Ni 2p 5.3, absorption resonances. Both experimental data (blue points) and theoretical calculations based
on an x-ray optical model (red curves) are shown.

Figure 2. (a) Experimental geometry for measurements on gas-phase SF4 (b) The x-ray absorption coefficient in the F
1s region as measured by partial electron yield. (c) The dipole asymmetry parameter 3 as photon energy is scanned
through the "A" resonance in (b).
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O 1s XAS of H,0 in the solvation shell of monovalent and trivalent ions
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'Stockholm University, SCFAB, Fysikum, S-106 91 Stockholm, Sweden
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INTRODUCTION

Earlier experiments with the Soft X-ray Endstation for Environmental Research (SXEER) have
shown that pure liquid water consists of three different species of water molecules - symmetric
(SYM), acceptor asymmetric (A-ASYM), and donator asymmetric (D-ASYM) [1]. By
dissolving Potassium Chloride or Aluminum Chloride we introduce a fourth type of water
species - water molecules in the solvation shell of the dissolved ions. X-ray Absorption
Spectroscopy at the oxygen K-edge (O 1s XAS) gives the information of Oxygen p-character and
hence the local geometric arrangement around the probed oxygen atom. In this report we will
show some of the XAS spectra we have obtained at beamline 8.0.

O 1s XAS OF WATER WITH DISSOLVED KCI AND AICI,

If we dissolve Potassium Chloride (KCI) into water, the water molecules will form a solvation
shell around each Potassium- and Chloride ion. These water molecules will have a different
electronic structure than a water molecule in the bulk water. We can actual say that we have a
fourth water species. Figure 1 is showing a XAS spectrum at the oxygen edge of water with
dissolved KCI. We can see changes in two energy ranges. The pre-edge at 535 eV has higher
intensity and has a shoulder at 534.3 eV. This is probably due to changes in the distribution of
D-ASYM water species in the bulk water. The higher intensity at 537.0 eV can be explained by
water molecules in the solvation shell of K* ion. Preliminary calculations are supporting the
experimental data.

Comparing water dissolved KCI with water dissolved Aluminum Chloride (AICI;) can give some
input to the interpretation. An O 1s XAS spectrum of water with dissolved AICl; is shown in
figure 2. As in dissolved KCI there is a shoulder at 534.3 eV. For water with dissolved AIClI; the
shoulder is more distinct and indicates that the feature at 535 eV is a double peak. However, the
interpretation is the same as in the case of dissolved KCI - there are changes in the distribution of
D-ASYM water species in the bulk. At higher energy the O 1s XAS spectrum of water with
dissolved AICI; is showing higher intensity than pure water. If we compare the spectrum of
water dissolved AICI; with water dissolved KCI we can see that water dissolved AICl; have
lower intensity at 537.0 eV and higher intensity at 540.5 eV. This can be explained by differences
in the electronic structure of water molecules in the solvation shell of trivalent ions from that of
monovalent ions. Preliminary calculations show that the fourth water species, water molecules in
the solvation shell of the AI** ion, is giving higher intensity in a different energy range than the
water molecules in the solvation shell of the K™ ion.
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Figure 1. Oxygen 1s XAS of water with dissolved Figure 2. Oxygen 1s XAS of water with dissolved
Potassium Chloride (KCI) compared to pure water. Aluminum Chloride (AICIs;) compared to water
The spectrum of water with dissolved KCI has a with dissolved Potassium Chloride (KCI).

shoulder at 534.3 eV. It is easier seen in figure 2.

CONCLUSION

We have shown that O 1s XAS is sensitive enough to resolve the electronic structure of water
molecules in a solvation shell of an ion. As an example we have presented differences in the O 1s
XAS spectrum between pure liquid water, water with dissolved KCI and water with dissolved
AICI;. The distribution of the D-ASYM water species in bulk water is changing when KCI or
AIClI; is dissolved in the water. Further investigation will tell how the distribution is changed.
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Partial Density of States of B-2p in AlB» type Compounds
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Since the discovery of superconductivity in MgBp with a transition temperature, T¢, of
39 K by Nagamatsu et al.,[1] large number of researches from experimental[2-5] and theoretical
point[6-12] of view have been performed on this compound and on a series of isostructural
diborides. Although there are many experimental results that suggest holes in B-2ps band with a
strong electron-phonon coupling play important roles in the superconductivity of MgB2, the
reason for the high value of T¢ is not clear.

In order to clarify the mechanism of high T superconductivity in MgBo, it is important
to investigate the difference in the electronic states between MgB2 and other isostructural
diborides. In the present study, we present X-ray emission (XES) and absorption spectra
(XAS) near the boron (B) K edge in MB2 (M=Mg, Al, Ta and Nb). AIB2 and TaB2 are not
superconductors and a superconductivity in NbBp is controversial now. XAS was measured by
both the total fluorescence yield (TFY) and the total electron yield (TEY) measurements at the
same time. The reason we choose boron is because the band calculations for MgB2 indicate that
the bands near the Fermi energy are mainly composed from boron 2p orbitals.

The commercial specimens from Rare-Metallic Co. characterized by powder X-ray
diffraction and dc-magnetization measurements, were used as samples of MB2 (M=Mg, Al, Ta
and Nb). The dc magnetization measurements indicate that the superconducting transition
temperature of about 38 K for MgB» sample, and no superconducting transition for TaB»,
NbB2 and AIB2 above 1.8 K. The soft X-ray emission and absorption spectroscopies were
performed at BL-8.0.1 of Advanced Light Source (ALS) in LBNL. In order to calibrate energy,
XAS by TEY were also measured at the well calibrated beam line BL- 6.3.2 of the ALS.

Figure 1(a) shows XES ( © ) and XAS ( @) of MgB2. The sharp decrease of XES and
XAS at about 186.3 eV is attributed to the Fermi energy measured from 1s core level. The solid
line in Fig. 1(b) is the boron PDOS obtained from a band structure calculation[10], where we
have taken into account the effect of the instrumental resolution by gaussian broadening. The
intensities of experimental XES and XAS in Fig. 1(a) are scaled to the theoretical PDOS in the
energy region, E £ 182 eV for XES and 187 eV £ E £ 191 eV for XAS. The sum of the
experimental XES and XAS are also plotted in Fig. 1(b). It can be seen that the overall feature of
both XES and XAS, including the existence of a large PDOS around the Fermi energy, are
remarkably well reproduced by the band structure calculation, enabling us to attribute each
observed structure to pp and/or ps states. Namely, the existence of peaks A and B, which is
consistent with recent studies[3], are characteristic of bonding ps states. The region C in the
energy range from 187 to 191 eV is attributed to the pp states. A sharp peak D at about 192 eV
in XAS is reported to be a resonance peak of pp* state[3], and also corresponds to antibonding



ps* state predicted by a band calculation. Thus peak D contains both the ps* and resonance
state of pp* states.

Figure 1(c) shows XES and XAS of AlB2. The intensity of XES is normalized so that
the area intensity coincides with that for MgB2 below Eg, while the intensity of XAS is scaled
so that the intensity in the high energy region, E 3 198 eV, coincides with that for MgB». In
the high energy region, XAS shows no strong characteristic peaks. A broad tail of XES below
183 eV is similar to that of MgBo, but the value of EE shifts to be 187.5 eV. The form of XES
of AIB> is broad compared to that of MgB». Figure 1(d) shows experimental PDOS derived
from the sum of XES and XAS. A dip is observed at about 188 eV near the Fermi energy,
indicating that the B-2p PDOS around the Fermi energy is drastically reduced compared to that
in MgB2. This is the major difference between MgB2 and AlB2.

This difference can be understood from results of the band calculation for AlB2.[12]
Namely, there are several factors that make the boron 2p PDOS around the Fermi level in AlB2
much smaller than in MgB». First of all, the bonding s bands, whose tops are located above the
Fermi level in MgBo, are fully filled in AIB2. Secondly, the Fermi level is located at a point
where the top of the bonding and bottom of the antibonding p bands touch with each other at
the K point. If the system were purely two-dimensional, this would be a point where the DOS
vanishes linearly as a function of energy. Although the p band is three dimensional, the above
two-dimensional property remains because the system is anisotropic.

The difference between MgB2 and AlB2 can qualitatively be understood within a simple
rigid band model, namely by simply shifting the Fermi energy as mentioned above. To be more
precise, there are some quantitative differences, whose origin seems to lie beyond a rigid band
picture. Namely, in AIB2, the intensity of XAS just above the dip is larger than that in MgB2,
while the intensity of peaks A and D is suppressed. Looking again into the band calculation
results, these features may be attributed to the increase of three dimensionality in AlB2.
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Fig.1 (a) The observed XES (O ) and XAS ( ®) spectra of MgB2. (b) The sum of XES and

XAS (O) and the theoretical PDOS (solid line) derived from FLAPW method broadened with
experimental resolution. (c) The observed XES (O ) and XAS ( ® ) spectra of AIB2. (d) The
sum of XES and XAS (0O).

The XES and XAS of TaB2 and NbB2 are similar to those for AlB2 except for a shift in



the Fermi energy up to 188.6 eV, owing to a larger band filling compared with AlB». The B-2p
PDOS at the Fermi energy of TaBy is similar to that for AIB2, so if TaB2 is indeed
superconducting, the difference between these two compounds should lie elsewhere. In NbB2
compound, the Fermi energy is almost the same as that of TaBy, but a considerable amount of
DOS below the Fermi energy is observed. In both compounds, TaBp and NbB2, band
calculation suggests a strong hybridization between B-2pp and Ta-5d or Nb-4d electrons. The
characters of the states near the Fermi energy in TaB2 and NbB2 cannot be identified from the
present results.

To summarize, the most characteristic feature in MgB2 as compared to other related
materials is the large B-2p PDOS around the Fermi level. Since this is partially attributed to the
existence of the ps bonding band at the Fermi level, one may be tempted to consider that the ps
band plays a crucial role in the occurrence of superconductivity in MgB2.[8] This is indeed
probable, but is not necessarily the case because the pp band filling is also different between
MgB2 and other materials as mentioned above, which should result in a large difference in the
shape of the pp band Fermi surfaces. Let us note that the shape of the Fermi surfaces can play
an essential role in the occurrence of superconductivity. For example, in those mechanisms that
exploit nesting between the Fermi surfaces of bonding and antibonding p bands, the shape of the
Fermi surfaces (namely the p band filling) is crucial. We believe that further studies are
necessary to clarify this point.

This work was supported by a Grant in Aid for Science Research from the Ministry of
Education, Scinece, and Culture, Japan, and published in Phys. Rev. B.[18]
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GRANULAR RECORDING MEDIA

Current magnetic recording media conssts of chemicaly segregated, polycrystdline grains
whose grain-centers are ferromagnetic with in-plane anisotropy and whose grain boundaries are
nomindly non-magnetic [1]. This chemicaly and magneticadly heterogeneous microstructure has
evolved through severd generations of recording media via an increasingly complex set of aloysfrom
CoCr to CoPtCr to CoPtCrB. The additives Cr and later B are known to segregate to and produce
nonmagnetic grain boundary phases that were bdieved to reduce exchange coupling between adjacent
grans, thereby enabling sharper bit transitions and higher recording dengty [2]. Chemica heterogeneity
associated with these filmsis resolved using high-resolution TEM and micro-EELS[3]. It hasremained
difficult, however, to directly measure the magnetic correlation lengths giving the distance over which
gran-to-grain magnetism is correlated.

We have found that both magnetic and chemicd heterogeneity in recording mediafilms are
strong scattering sources when tuned to specific soft x-ray core resonances to enhance contrast [4,5].
Thistranamisson andl-angle scattering (SAS) measurement positions the scattering vector g inthefilm
plane to optimize coupling to in-plane structure (Fig. 1b, inset) [6]. Although soft x-ray wavelengths
limit the maximum @, Spatid resolution to 1 nmisavailadle.

Q-RESOLVED RESONANT SCATTERING

SAS g scans measured at the resonant intensity pesks at the Co and Cr Lz linesare shownin
Fig. 1. Scans of the common underlayer structure (without any medialayer) reved the contributions
from the underlayer and the SN membrane. These scans are dmost featurel ess, with enhanced low g
scattering that is dso observed in scattering from the substrate alone, and with aweak, broad pesk at q
@0.015 A observed a the Cr resonance. For the samples with medialayers thereis additiona, strong
SAS a both the Cr and Co edges arising from the media layer. This scattering is strongly resonantly
enhanced, asisillustrated in Fig. 1b by the 10-fold decrease in scattering just 10 eV below the Co L3
peak (dashed line) compared to that measured at the peak (open circles). Similarly strong and sharp
resonant enhancements are observed near the Cr L3 line

The SAS scans from the different media samples show smilar festures. The Cr-edge datahas a
peak at q @0.07 A™ for dl samples. This pesk results from interference between neighboring scattering
centers separated by 2p/q @100 A, typica of grain diameters observed in TEM images of media
grown on smilar underlayers[2]. We attribute this Cr resonant pesk to the average grain diameter of
the media. It iswell established that chemica segregation during the growth of CoCr dloysinvolves Cr
diffuson to the grain boundaries resulting in a magnetic Co-rich core of the grain with non-magnetic or
weekly magnetic Cr-rich grain boundaries[6,7], as shown schematicaly in Fig. 1b. Thus, by tuning to
the Cr edge, we enhance the chemica contrast between the magnetic grain core and the Cr-rich grain
boundaries.

The Co-edge scattering is expected to arise from both magnetic and chemica correlations (and
their interference). These data show the same interference pesk a q @0.07A™ that was observed in the
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Figure 1. Resonant SAS from the underlayer structure
without medialayer (a) and from CoCr (b), CoPtCr(c),
and CoPtCrB (d) mediameasured at the Coand Cr L3

linesasindicated. Theinset showsthe scattering
geometry and medialayer with magnetic grains

(diameter D) with the in-plane magnetization direction

represented by the arrows and nonmagnetic grain
boundaries. The open diamonds are the difference

between the Co- and Cr-edge data. The dashed linein

(b) isthe nonresonant scattering measured 10 eV
below the Co edge.

Cr-edge data, as well as additiona scattering at
sgnificantly lower g values. The observation of
high-q resonant scattering from the grain
sructure at both the Co and Cr edges confirms
that this scattering arises fromin-plane
compositiond variations of Co and Cr. The
additional lower-q scattering arises
predominantly from correlated magnetic regions
larger than the grain Sze. For the CoPXCr film
(Fig. 1¢), this additiona scattering is clearly
resolved as apeak at  @0.015 A™*
corresponding to area space distance of @
400 A. The difference of the Co and Cr
resonant scans (scaled to match at high q)
results from Co magnetic- magnetic correlations
and magnetic-charge interference, with the
former dominating the low-q peak and the latter
contributing progressively to increasing . The
low-q peek is thus a measure of the magnetic
corrdation length in these mediafilms.

Boron additions are seen to reduce the
magnetic corrdation length from 4-5 times the
chemica grain sze to closday approach the
grain Size, congstent with improved recording
performance and inferred magnetic correlation
lengths from recording sgna to noise
measurements.

MODELING ENERGY SPECTRA

The above interpretation of magnetic
and chemica peaksis quditaive. One
approach to independent, quantitative
determination of the scattering sources
contributing to the peaksisto model the energy
spectra of the scattering at each peak [5].
Measured Co L3 energy spectra at these two
peeks for the CoPtCr sample are shown as

symbolsin Fig. 2, and clearly have very different shape. Modeling these resonant shapes requires
measured vaues of charge and magnetic atomic scattering factorsf for Co. These were obtained from
transmission absorption measurements of the saturated media film with linear and circular polarization,
followed by Kramers-Kronig transformation of the imaginary part of these quantities to obtain their redl
parts. Non-resonant f valuesfor Cr and Pt were taken from tabulated vaues [9].

Following sandard SAS formaisms, the amplitude for different scattering sources is given by
the difference of amplitudes of the two phases defining the heterogeneity. The smplest modd for pure
magnetic scattering yields amplitude proportiond to the magnetic part of f for Co[5, 6]. The
corresponding intengity is scaled and plotted in Fig. 2, with a small non-resonant background added.
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resonant scattering factors (lines) confirm the mode! is senditive to the composition of segregated
magnetic and chemical origin of the two peaks. phases arein ref. [5].
CONCLUSIONS

Resonant SAS contrast at Co and Cr L 3 lines strongly enhances both magnetic and chemica
scattering in recording mediafilms. Since Co and Cr enhancements have different sengtivity to chemica
and magnetic heterogeneity, their rdative behavior dlows clear separation of chemica and magnetic
length scales and a very direct measurement of magnetic correlation lengthsin granular recording media
The addition of B to the media aloys significantly reduces the magnetic corrdation lengths[4].
Modeling of resonant energy spectra at the Co L3 edge using measured resonant Co scattering factors
quantitatively confirms magnetic and chemica scattering sources and provides an estimate of the
composition of segregated phases yielding the chemical scattering [5].
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Substituted polysilanes, (SiRR’)n, have attracted significant attention because of their
unique electronic properties. Their characteristic electronic nature arises from band edge
structures which are composed of valence and conduction bands from ¢ and o* bands,
respectively, which differ from the electronic structure of polyacetylene. To further understand
their electronic properties, we have measured the Si L x-ray emission spectra of a number of
polysilanes with alkyl and phenyl substituents. In addition, their x-ray absorption spectra have
also been measured to obtain information regarding unoccupied electronic orbitals.

Chemically synthesized polysilanes, (SiRy)n, where R indicates substitution with a methyl
(Me; CHj), ethyl (Et; C,Hs), propyl (Pr; n-CsH5), butyl (Bu; n-C4Hy), pentyl (Pe; n-CsHy;) or
phenyl (Ph; C¢Hs) group, were used for spectroscopic measurements. Soft x-ray emission spectra
in the Si L region were measured using a grating x-ray spectrometer installed in the undulator
beamline, BL-8.0.1. The photon energy of the monochromatized incident beam was tuned to
about 130 eV to effectively excite Si2p-electrons while preventing multiple ionizations. Total-
electron-yield (TEY) x-ray absorption spectra were obtained by monitoring sample photocurrent
in BL-6.3.2. Measured x-ray emission and absorption spectra were analyzed using discrete
variational (DV)-Xa molecular orbital calculations.

Figure 1 shows soft x-ray emission and absorption spectra in the Si L region of both the
polysilanes and the reference compounds, Si and SiO,. In the emission spectra, polysilane
spectral features exhibited similar structures; a main peak near 90 eV, and high-energy and low-
energy shoulders clearly differ from those of the Si and SiO; references. In absorption spectra,
alkyl-substituted polysilanes exhibit a threshold energy of 101 eV, while the Ph-substituted
polysilane exhibits a slightly lower threshold energy. In the fine-structure at the thresholds of
polysilanes, a pre-edge peak is observed near 101 eV and an intense peak is seen at 102 eV for
the Ph-substituted polysilane. No such pre-edge or intense peaks, however, are observed in the
spectra of alkyl-substituted samples. From spectral analysis using DV-Xo molecular orbital
calculations Si L x-ray emission spectra, which include a main peak with high- and low-energy
shoulders, are explained by the summed DOS spectra of occupied Si3s and Si3d orbitals
hybridized with Si3p, C2s and C2p orbitals. X-ray absorption spectra are also qualitatively
explained by the summed DOS spectra of unoccupied Si3s and Si3d orbitals. In both x-ray
emission and absorption spectra, little difference is observed among alkyl-substituted polysilanes.
It is therefore confirmed that the length of alkyl substituents has little effect on the electronic
structure of the Si backbone. X-ray spectral features of the Ph-substituted polysilane, however,
slightly differ from alkyl-substituted features. This is explained by the difference in hybridization
of Si and C orbitals between sp>-C atoms in phenyl substituents and sp>-C atoms in alkyl ones.

We thank Dr. J. Denlinger of the Lawrence Berkeley National Laboratory for his help and
support in performing x-ray emission measurements. This work has been supported by the Hyogo
Science and Technology Association and the US Department of Energy under contract No. DE-
ACO03-76SF00098.

Principal Investigator: Yasuji Muramatsu, Japan Atomic Energy Research Institute. Email:
murama@spring8.or.jp. Telephone: +81-791-58-2601.
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Figure 1 Soft x-ray emission and TEY x-ray absorption spectra in the Si L region of the polysilanes,
(SiRy)n, and Si and SiO, reference compounds. Substituents in the polysilanes, R, are denoted by Me
(CH), Et (C;Hs), Pr (n-C3Hy), Bu (n-C4Hs), Pe (n-CsHy;), and Ph (C¢Hs).
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INTRODUCTION

The development of experimental methods to probe the properties of liquid-solid interfaces is
one of the fundamental issues for understanding a multitude of natural and technological
processes involving liquids. Up to date, however, very few experiments have been performed to
learn about the electronic structure, particularly if an atom-specific point of view is desired.
While in surface science such information can easily be derived from photoelectron
spectroscopy, this approach is not viable for the study of liquid-solid interfaces due to the limited
information depth of PES. Thus, the necessity to probe "through" a liquid (or solid) layer calls for
photon-in-photon-out experiments. The soft X-ray regime, however, which is the most suitable to
study core and valence states of light elements, has not yet been explored, mostly due to the high
attenuation of soft X-rays in matter. In this report we demonstrate that soft X-ray emission
spectroscopy (XES) can be used to investigate the chemical and electronic properties of
particular atoms at liquid-solid interfaces, in this case the water—Cu(In,Ga)(S,Se), interface.
Furthermore, we will show that, with XES, it is possible to monitor interfacial chemical reactions
with high spectral resolution in-situ.

MATERIAL SYSTEM

Cu(In,Ga)(S,Se), (CISSe) is widely used as an absorber material in thin film solar cells, and
conversion efficiencies up to 18.8 % have been achieved [1]. Apart from being a model system
for the present investigation, the water—CISSe interface is of large importance for two reasons.
First, a complete CISSe solar cell is comprised of several thin film layers, including the CISSe
absorber layer and a thin (approx. 20 nm) CdS buffer deposited in a chemical bath deposition
process. The CdS/CISSe interface plays one of the central roles in understanding the electronic
structure of the devices. Hence, the possibility to study liquid-solid interfaces in-situ allows the
monitoring of the substrate, the growing film, and the interface formation process from a
spectroscopic point of view. Secondly, one of the main issues on the way to a complete industrial
product is the control of humidity impact on the electronic cell properties. The investigation of
the relevant water—solid interfaces is expected to shed light on the chemical and electronic
changes induced by the humidity on an accelerated time scale.

EXPERIMENTAL

High-resolution soft X-ray emission spectroscopy was performed at beamline 8.0 utilizing the
SXF endstation. Beamline 8.0 allows experiments with an excitation photon flux of about 4 x



10" photons/sec near the sulfur L, 3 edge. Thin films of CISSe were prepared in a rapid thermal
process of elemental precursor layers on Mo-coated soda-lime glass in a sulfur-containing
environment. The experiments were performed in ultra-high vacuum (UHV) utilizing suitably
designed stainless steel liquid cells, which were glued to the CISSe sample surface with a UHV-
compatible epoxy. In the design of the liquid cells, a channel of 1.3 um of liquid water was
created between the CISSe surface and a 1 pum-thick polyimide (PI) window. After hardening of
the epoxy (approx. 24 hours), the complete assembly was transferred into UHV for experiments.
Reference experiments were also conducted on "bare" CISSe films as well as on
PI/Vacuum/CISSe sandwich structures.

RESULTS

Fig. 1 presents a set of sulfur L, 3 emission spectra obtained by excitation well above the
absorption edge (hv =200 eV). The bottom spectrum was obtained from the "bare" CISSe film
surface, i.e., taken directly from the solar cell production line. Peak (1) stems from the emission
of sulfur atoms bound in a sulfide environment, and is due to photons emitted by filling S 2p core
holes with S 3s electrons [2]. Peaks (2) are associated with the same electronic transition, but for
sulfur atoms bound to oxygen. In the present case, the absence of an additional peak around
161.1 eV indicates that at most two oxygen

R atoms are bound to each probed sulfur atom.

S L2,3 XES The broad peak (3) is due to Cu 3d states in
hv=200eV 1 the upper valence band of CISSe and,
because of the local nature of the excitation,
is indicative of sulfur-copper bonds. In
short, the spectral features of the sulfur XES
spectrum give a wealth of detailed

’g X2 information about the local chemical bond
2 1o of the sulfur atoms, which can now be used
é PIIH,0/CISSe to monitor interfacial processes.
% old spot As indicated in Fig. 1 by the magnification
£ factors at the right hand side, the observed
S ;)UHZO,QSSE signal intensity is reduced by both the PI
new spot window as well as the liquid water layer.
These attenuation factors indicate the
tF’,)I Vac/CISSe necessity to use high-flux excitation from a
semi-new spot third generation synchrotron source. Note
that the PI window is damaged by extended
a) CISSe exposure to X-rays. Thus, the transmission
145 150 155 180 165 decreases as a function of exposure within
Emission Energy (eV) the probed area, and hence the "age" of the
spot also factors into the signal attenuation.
Figure 1. S L, ; X-ray emission spectra of a The "age" of the different spectra is given
Cu(In,Ga)(8,Se), (CISSe) thin film solar cell absorber on the right-hand side of Fig. 1. A closer

film (a) taken from the production process, (b) seen
through a 1 pm polyimide (PI) window, and under an

o . . no changes are observed for the
additional 1.3 um water layer (c: new sample spot, d: old
sample spot). Samples "under water" show a reduced PI/Vacuum/CISSe sample (as expected).

intensity of the S-Cu-bond and, after X-ray exposure, a However, we find a reduction of the
sulfate formation. intensity associated with sulfur-copper

inspection of spectra a) and b) reveals that



bonds (peak 3) due to the 24 hour storage "under water" (spectrum c). An even more pronounced
spectral change is observed after exposure to X-rays (30 min, spectrum d). Based on the strong S
3d-related emission at 161.1 eV, this spectral change is interpreted as a sulfate formation at the
water/CISSe interface.

Apart from a detailed look at the chemical and electronic environment of sulfur atoms, also the
Na K, emission line proves to be a helpful tool to monitor the interfacial reaction at the
water/CISSe interface. Na-assisted growth has been shown to substantially improve the
efficiency of the CISSe solar cells. Until today, the impact of the Na has not been fully clarified,
mostly because several enhancing mechanisms have been proposed and because, due to the
complexity of the system, these different mechanisms are not easily separable. An established
model by Kronik et al. [3] suggests an interaction of sodium and oxygen at the CISe surface.
Nevertheless, apart from a co-adsorption study in ultra-high vacuum [4], no direct experimental
evidence of a chemical interaction between sodium and oxygen has yet been reported. Such a
direct correlation can now be derived from a simultaneous recording of Cu L, and Na K, XES
spectra. As expected, we find a small Na signal on the CISSe surface, which does not change in
intensity for the PI/Vacuum/CISSe sample. Also, the 24-hour storage under water only leads to a
small increase. In contrast, when exposing the sample to the soft X-ray beam, we find a dramatic
increase of the Na content at the interface in the course of time, in parallel with the above-
discussed surface oxidation (sulfate formation). Apparently, the possibility to form a sulfate
species attracts Na atoms from the CISSe film towards the surface. Here, the original driving
force could be the X-ray-induced creation of O* and/or OH™ ions, which then react with the
CISSe surface and alter the free energy, such that Na atoms diffuse to the water/CISSe interface.
Also the opposite process, namely that the X-ray excitation attracts Na atoms to the surface (e.g.,
by sample heating), which then act as a catalyst for the surface oxidation, appears possible.
Future studies utilizing mini-cells with integrated thermocouples will have to clarify which one
of the two scenarios holds true.

In summary, we have presented an experimental investigation of a sulfate formation at the
water/CISSe interface. The findings demonstrate that there is a direct correlation between
oxidation and sodium enrichment at the interface. The demonstrated general approach of
utilizing X-ray emission spectroscopy to study chemical reactions in-situ can be extended to
many other liquid-solid interfaces and also lends itself to the study of liquids and solutions as
well.
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INTRODUCTION

The discovery of weak itinerant ferromagnetism in certain divalent hexaborides [1] provides strong
motivation to determine the underlying electronic structure giving rise to the metallic carriers. One
possibility predicted by LDA band calculations [2] and supported by the interpretation given to
magneto-oscillatory studies[3] isa semi-metallic band overlap at the X-point of the cubic Brillouin
zone, the absence of which would render stoichiometric material to beinsulating. Severd
theoretical discussions of excitonic insulator origins of the novel ferromagnetism [4] presume the
existence of such an overlap. However, arecent quasiparticle band calculation [5] that includes a
GW sdlf energy correction, instead predicts CaB, to be a semiconductor with a0.8 eV band gap at
the X-point.

Such an X-point band gap (>1 eV) is observed in angle resolved photoemission (ARPES) of
CaB,, SrB, and EuB, [6] providing strong experimental proof of this new semiconducting model
for the divalent hexaborides. Reported here are bulk sensitive soft x-ray emission and absorption
data (SXE and XAS, respectively) that provide additional proof of the existence of this semi-
conducting bandgap complementary to the k-dependent band structure information revealed by
ARPES. Also consistent with ARPES, the SXE/XAS measurements imply that the chemical
potentia is at the bottom of the conduction band indicating the presence of excess electrons arising
from nonstoichiometric defects. This situation would be consistent with a picture in which the
novel magnetic momentsin divalent hexaborides are carried by boron vacancies [7]

EXPERIMENT

Single crystal hexaboride samples were grown from an aluminum flux using powders prepared by
boro-thermally reducing cation oxides. Soft x-ray emission and absorption experiments were
performed at the ALS Beamline 8.0.1 using the Tennessee/Tulane grating spectrometer. The
experimental emission and absorption spectral resolutions were =0.35 eV and =0.1 eV, respec-
tively. SXE at and above the B K-edge threshold, is used as a probe of the occupied boron 2p
partial density of states. X-ray absorption, a probe of the unoccupied states, was measured both
with total electron yield (TEY) as afunction of photon energy and also with partial fluorescence
yield (PFY’) with the detection window covering the entire valence band emission. Differences
between TEY and PFY signals arise from differing attenuation lengths and the experimental
geometry which was set to 60° incidence excitation and 30° grazing emission relative to the sample
surface. Absolute PFY energies were calibrated to published TEY spectra of the hexaborides[8]
and SXE spectrawere calibrated to the excitation energy using an elastic scattering peak in the
emission spectra.

RESULTS

Fig. 1 shows arepresentative data set of soft x-ray emission and absorption at the boron K-edge
for the divalent hexaborides. Datavery similar to that shown here for CaB was also obtained for
SrB,, EuB,, and YbB,. Fig. 1(a) compares the two methods of measuring x-ray absorption, TEY
and PFY. TEY, ameasurement of the sample current, exhibits a sharp peak at =194 eV corres-
ponding to awell-known B 1s—2p xt* transition [8] which in part arises from surface layer



oxidation of the air-cleaved sample. Also the absolute TEY signa exhibits a high background
(removed in Fig. 1(a)) with declining slope due to the presence of lower energy absorption edges.
In contrast, the PFY signal, a measure of valence emission intensities integrated over the energy
window shown in Fig. 1(b), does not exhibit the sharp TEY absorption peak due to a greater bulk
emission sengitivity. Also the valence band PFY signal inherently has zero pre-threshold intensity
and henceis preferred over TEY for careful measurement of the threshold region. The PFY
spectrum for CaB, shows awesak step-like threshold onset at 188.0 eV (highlighted in the
logarithmic scale inset to Fig. 1(a)). We interpret the half-step intensity of this threshold onset in
the PFY spectrum as the energy position of the chemical potential in the conduction band.
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Figure 1. Soft x-ray absorption (TEY, PFY) and Figure 2. B K-edge SXE and PFY spectrafor various
emission (SXE) boron K-edge data set for CaBs. hexaborides. The dashed line indicates the half-height
Arrows and values indicate the excitation energies. The energy position of the PFY threshold. Inset:
logarithmic intensity scale of the inset highlights the Logarithmic intensity scale comparison of the total
step intensity onset of the PFY signal with comparison DOS, i.e. sum of emission and absorption, for CaB,
tothe TEY threshold. and LaB, with the valence band edge of the DOS
aigned.

Vaence band emission spectra, shown in Fig. 1(b) were acquired at selected photon energies
indicated by arrowsin Fig. 1. An élastic peak present in the emission spectrais resonantly
enhanced at the B 1s—2p absorption peak and is used for calibration of the SXE energy scaleto
that of TEY and PFY spectra. Excitation at the selected peaksin the PFY/TEY spectraand far
above threshold show similar valence band emission profiles with small variationsin the relative
intensities of at least six discernable peaks and shoulders. Threshold excitation on the other hand
produces much larger variation in the relative intensities (and energies) of the different valence
emission peaks (discussed in the next section). The elastic peak is aso observed to be enhanced at
threshold, thus providing a distinct marker for the location of E.. The non-threshold SXE spectra,
on the other hand, exhibit a strong non-metallic decay of intensity approaching E- and no distinct
onset, in contrast to the PFY spectrum.



Fig. 2 shows a comparison of SXE/PFY spectrafor two divalent hexaborides SrB and CaB,, and
for mixed-valent SmB; and trivalent LaB,, which contain 0.6 and 1 conduction electrons/formula
unit, respectively. The PFY spectra have been normalized to have the same intensity far above
threshold, while the SXE spectra have been normalized to have the same maximum amplitude.

The overall PFY intensities were then scaled so that the SXE and PFY intensities for LaBg match at
threshold. Within experimental resolution, acommon SXE/PFY threshold occurs for SmB, and
for LaB,, as expected for smple metals. The increasesin photon energy and intensity of the
thresholds of SmB, and LaB, relative to the divalent systems and to each other are consistent with
their differing conduction band fillings. In great contrast, for the divalent hexaborides, the strong
decay of SXE intensity to its threshold and the weak PFY intensity at its threshold preclude the two
spectra having a common onset.

Theinset to Fig. 2 presents a more detailed comparison of CaB, and LaB, in which the SXE and
PFY spectra have been summed and can be discussed as the boron partial DOS. In addition the
LaB, spectrum has been shifted +0.3 eV, after summing, to align its valence band (185-186.5 eV)
to that of CaB,. The key motivation for this comparison isthat apart from band filling, LDA
calculations predict nearly identical total DOS for the divalent and trivalent systems. For LaB, the
emission and absorption spectra meet smoothly so that the crossover place entirely disappears upon
summing (see circles), whereas for CaB, adistinct dip remains over =1 eV around 187 eV (see
rectangles). Thisdistinct discrepancy immediately tells us that the band structures in the vicinity
of the boron valence band maximum for CaB and LaB, are different. The interpretation of this
bulk-sensitive measurement as a band gap in the divalent hexaborides is strongly supported by the
k-dependent view from ARPES which showsa>1 eV band gap in CaB, at the X-point in contrast
to a0.2 eV overlap of the sametwo bandsin LaB,[9]. Additional analyses of the overall boron
DOS bandwidth and energy centroid, and of threshold-excited SXE spectra provide complemen-
tary evidence of the bulk divalent band gap [10].
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We have measured the soft x-ray emission and absorption spectra of noble-gas atoms doped in
carbon, silicon and metal substrates, to investigate their chemical states in solid matrices. Argon
or neon ion beams were directed into the solid matrices of highly oriented pyrolytic graphite
(HOPG), Si(111), SiO,, Ti, Cr, Ni and Cu with an acceleration voltage of 5 kV. Soft x-ray
emission and absorption spectra in the Ar L and Ne K regions of Ar- and Ne-doped samples were
measured using a grating x-ray spectrometer installed in the undulator beamline, BL-8.0.1.
Figure 1 shows the Ar L x-ray emission spectra of Ar-doped Si(111) measured with excitation
energies of (a) 399.6 eV and (b) 256.6 eV. The subtracted spectrum of (a) — (b), clearly indicates
that peak structures are observed on
the higher-energy sides of both Lo
and LS peaks arising from 399.6-eV
excitation. These peak structures
may be due to multiple ionizations.
Figure 2 shows the Ar L x-ray
emission spectra of Ar-doped
Si(111), HOPG, Ti and Cu
measured with 256.6-eV excitation.
Peak widths of Lo and L peaks in
the Ar L x-ray emission spectra from
Ti and Cu matrices are broader than
that of the Si(111) and HOPG 210 215 220 225 230
matrices. A similar peak broadness
was also observed in the Ne K x-ray
emission spectra of Ne-doped metal Figure 1 Ar L x-ray emission spectra of Ar-doped Si(111) with
matrices. Such peak broadness may excitation energies of (a) 399.6 eV and (b) 256.6 eV. Upper
be explained by the formation of panel shows the subtracted spectrum, (a) — (b).

noble gas bubbles in the metals. To
further explain peak broadness in the
spectra, molecular orbital calculations
are currently in progress. We thank
Dr. J. Denlinger of the Lawrence
Berkeley National Laboratory for his
help and support in performing x-ray
emission measurements. This work
has been supported by the Hyogo
Science and Technology Association i e tn Mgl
and the US Department of Energy 210 215 220 225 230
under contract No. DE-AC03- Photon energy / eV

76SF00098.  Principal  Investigator: Figure 2 Ar L x-ray emission spectra of Ar-doped Si(111),
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Interest in polyanilines has been reinforced by the discovery of their high electrical conductivity
observed in doped phases, giving rise to a new class of conducting polymers. Polyaniline can be
prepared in three major forms that differ in the degree of oxidation y (the ratio of amine nitrogens
over the total number of nitrogen atoms). For the fully reduced leucoemeraldine base (LEB) y is
one, the half-oxidized emeraldine base (EB) y is 0.5 and for fully oxidized pernigraniline base
(PNB) y is 0. Polyaniline is an insulator in each of these forms with a band gap of 3.6 eV for
LEB and EB and about 1.4 eV for PNB. The polymers can also exist in the corresponding
protonated (salt) forms but only emeraldine salt (ES) is highly electrically conductive in this case.
The largest conductivity reported to date is about 400 S/cm [1], which is 14 orders of magnitude
higher than for the insulating emeraldine base form. Protonation does not change the electronic
concentration and a local distortion of the chemical bonds is giving rise to conductivity of the
polymer. These distortions are commonly referred to as either a polaron (storing the extra
positive charge when only one nitrogen is protonated) or a bipolaron (in the case that both imine
nitrogens are protonated). In order to explain the conductive state of ES two models have been
proposed. A regular distribution of polarons leaves the electronic band half-filled or the random
bipolaron structure leads to the formation of extended electronic states at the Fermi energy. There
is no direct spectroscopic evidence to date regarding the electronic structure of ES, which is
essential for selecting the adequate picture.

We have studied the differences in the electronic structure of protonated and undoped
polyemeraldine by means of soft x-ray emission spectroscopy (XES). Our findings support the
application of the polaronic-metal model for highly conducting polymers.

The experiments were carried out at Beamlines 7.0 and 8.0.1 at the Advanced Light Source at the
Lawrence Berkeley National Laboratory employing the Uppsala University [3] and University of
Tennessee at Knoxville [4] endstations. Photons with energies well above the carbon K-edge
(300 eV) and well above the nitrogen K-edge (412-430 eV) were delivered to the sample. The X-
ray fluorescence spectrometer provides an energy resolution of 0.30 eV and 0.65 eV for the
carbon and nitrogen measurements, respectively. For our measurements we have chosen the basic
form of undoped and protonated polyemeraldine. The doped samples were prepared by
protonation with 60% camphorsulphonic acid (CSA). The protonation with H" adds holes to the
imine groups around the quinoid ring.



Figure 1 shows carbon Ko emission
spectra (2p—1s transition) of undoped Polyaniline o
afld protonated emeraldine converted to ’%@% ¢ Ko XES
the binding energy scale [5]. The spectra
are normalized to the same peak height in
the intensity maximum. The intensity of
the C Ka emission in the vicinity of the
Fermi level Eg is clearly increased for the
protonated emeraldine compared to the
undoped sample. This finite density of
states at the Fermi level evidences the
metallicity of the doped phase. The same

tendency of higher spectral intensity in 0 s 10 s

the vicinity of the Fermi level for Binding Energy [eV]

protonated polyemeraldine with respect to

the undoped phase is observed in N Ka Figure 1 Carbon Ko XES of undoped and protonated
XES though these measurements have polyemeraldine displayed on the binding energy scale.
been performed with less energy resolution (due to the higher emission energy) and lower count
rate than the carbon data, the latter being due to the smaller content of nitrogen atoms in
polyaniline. Protonating increases the finite density of states near the Fermi level and the origin
of the increase is the formation of the polaron band. In the case of the bipolaron band structure no
finite density of states is expected near Er. Recently, an extremely small finite density of states
for protonated emeraldine has been observed in photoemission measurements [6]. The authors do
not indicate the level of protonation and in a protonation of too low concentration could lead to
such effect.

Intensity (arb. units)
4

- protonated

undoped

To summarize, we have observed a finite density of states in protonated emeraldine in the
vicinity of the Fermi level using soft X-ray emission measurements. This direct observation is in
a full agreement with band structure calculations for the polaron lattice and therefore supports a
polaronic-metal model for conducting polymers.
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GaAs;_;N, and In,Ga;_,As;_,N, alloys containing a few percent nitrogen have at-
tracted attention in recent years due to their potential use in 1.3 micron emitters on GaAs
substrates. The incorporation of nitrogen at low concentrations in these III/V materials
results in a large band gap bowing parameter and a sharp decrease of the band gap with
increasing nitrogen [1]. A wide range of lattice constants can be obtained by varying
the N content. For example Ing3Gag7ASy98Ng.02 quantum wells are pseudomorphic to
GaAs and emit at 1.3 micron. In the present work, we have studied the density of states
in the valence and conduction bands of dilute GaAs;_,N, using soft x-ray emission and
absorption at the nitrogen K-edge. The emission spectrum is compared to a tight binding
band structure calculation for the electronic structure of GaAs;_,N,.

The GaAs; N, samples were grown by Molecular Beam Epitaxy (MBE) at a sub-
strate temperature in the 500-600°C range using a RF plasma source for the dissociation
of molecular nitrogen. The nitrogen content ranged from 0.02% to 2%. Nitrogen con-
centrations were obtained using X-ray diffraction and SIMS. The samples were cleaved
in two pieces; one piece was annealed at 850° for 1 min. Nitrogen K-edge absorption
and emission spectra were measured at beamline 8.0.1. The absorption spectra were
obtained in the fluorescence yield mode. The emission spectra were measured using a
600 lines/mm diffraction grating providing an energy resolution of 0.8eV (FWHM) as
determined from the scattered primary beam.

Emission and absorption spectra at the nitrogen K-edge are shown in Fig. 1 for a
GaAs; N, sample with a 2% N content, together with calculated nitrogen 2p density
of states. The emission spectrum (lower spectrum in the figure) was excited at a photon
energy of 402.1 eV corresponding to the peak absorption in the upper spectrum in Fig. 1.
The small peak at 402.1 eV in the emission spectrum is the elastically scattered excita-
tion radiation which is not completely rejected by the soft x-ray spectrometer. This peak
serves as an energy calibration for the emission spectrometer. The emission and absorp-
tion spectra show a band gap of about 1 eV in agreement with optical measurements.

Absorption at the nitrogen K-edge probes the unoccupied density of states in the
conduction band with p-symmetry at the nitrogen sites. The spectrum shows a strong
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Figure 1: Emission and absorption curves for GaAs;_,N, with 2% N and calculated local DOS
on the Nitrogen 2P state. Orthogonal (random) noise of 0.003 states/eV /cell has been added
to the calculated spectra. The origin of the energy scale in the calculations is arbitrary.

excitonic type peak just above the bottom of the conduction band which we attribute to
the well known nitrogen resonance in the conduction band. The shape of the absorption
spectrum was independent of the nitrogen content.

The emission spectrum in Fig. 1 at the nitrogen K-edge is due to transitions from
valence band states on nitrogen sites with p-symmetry to the nitrogen 1s core hole. The
spectrum has two peaks located at 393.2 eV and 396.1 eV. No changes in the shape of
the spectrum were observed as a function of nitrogen content in the 0.02% - 2% range.
Similarly no changes were observed with annealing at 850°C. Annealing is expected to
substantially reduce the number of nitrogen interstitials. The absence of a change in
the emission spectrum with annealing suggests that the fraction of interstitial nitrogen
is low. Emission spectra were measured as a function of excitation energy through the
absorption edge and no resonant effects were observed in the soft x-ray emission.

Emission spectra were calculated in a tight binding model in which a single nitrogen
atom is located on a Ga or an As site in a 2x2x2 supercell containing 64 atoms. The
model spectra are the p-projected densities of states on the nitrogen atom. The energies
for the atomic orbitals and interatomic overlap matrix elements for the Ga and As 4s
and 4p orbitals were taken from Harrison [2]. The energy level for the nitrogen 2p
orbital was taken to be an adjustable parameter and was used to fit the experimental
spectrum. The spectra were convolved with a 0.8 eV Gaussian window in accordance with
the experimental resolution. The lifetime broadening of the emission band is ignored.
A best fit was obtained with the nitrogen 2p orbital energy €, equal to -8.5 eV which
compares with the -11.47 eV recommended by Harrison. For €, < -9.5 eV the nitrogen 2p
orbital forms a bound state in the valence band and the shape of the emission spectrum
changes. The good agreement with the experimental data in Fig. 1 suggests that there is



no nitrogen p-like bound state in the valence band. When the nitrogen is located on a Ga
site a deep bound state is obtained in the model as indicated by the peak in the dotted
curve in Fig. 1 at 389.8 eV. The good fit with the calculated spectrum for nitrogen on
the As site suggests that most of the nitrogen is on the group V site, as expected. No
emission was detected from the lower part of the GaAs valence band, which is dominated
by As 4s, in good agreement with the model.
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Charge transfer salts formed by linear chains of organic molecules BETS
(bis(ethyleneditho)tetraselenafulvalene), BEDT-TTF (bis(ethyleneditho)-tetrathiafulvalene) and
TMTSF (tetramethyltetraselenafulvalen) display a rich variety of electronic properties from
magnetic insulators to superconductors depending on the nature of the donors or acceptors and
their location in the crystal structure. Low-dimensionality of charge transfer salts is of special
interest due to the theoretical suggestion that the normal state of these systems may be unusual. It
has been shown that one-dimensional conductors are not Fermi liquids like normal metals, but
Luttinger or Luttinger-Emery liquids with distinct different physical properties. High-resolution
angle-resolved photoemission spectra (ARPES) have shown a strong suppression of quasiparticle
states near the chemical potential [1]. On the other hand a decrease in photoemission intensity
near the Fermi level may result from extrinsic changes in the electronic structure at the surface,
reconstruction, off-stoichiometry, or degradation. Additional measurements using bulk sensitive
spectral techniques such as X-ray emission spectroscopy are necessary to verify the validity of
observations resulting from photoemission experiments.

We report soft x-ray fluorescence measurements for the charge transfer salts (TMTSF),PFg,
(BETS),FeBrs and (CPDT-STF)(TCNQ), carried out at Beamline 8.0 of the Advanced Light
Source. Nonresonant carbon Ka (2p— 1s transition) X-ray emission spectra (XES) were recorded
employing the soft X-ray fluorescence endstation [2]. Photons with an energy of 300 eV, well
above the carbon K-edge, were used for excitation. The carbon Ko spectra were obtained with an
energy resolution of 0.3-0.4 eV.

Fig. 1 displays the carbon Ko soft x-ray emission spectra (XES) [3]. A two-peak structure
(labeled a, b) is found for all compounds. The same energy separation of peaks a and b in C Ko
(~2.8 eV) XES is found for all charge transfer salts indicating that the same structure of carbon
n-states in the valence band is present in all spectra. Such low-energy subbands have been found
in X-ray emission spectra of compounds and are attributed to ns-states of non-metal atoms.
Therefore this subband can stem from the hybridization of carbon 2p-states of the BEDT-TTF
molecule and 2s states of the oxalate layer [(H30)Fe(C,04)3] or from the nitrogen in benzonitrile



CsHsCN, which is due to hybridization between carbon n-metal electrons of donor (BEDT-TTF)-
molecule and s-states of anion. The presence of an additional subband in carbon Ko XES
evidences strong cation-anion interaction in (BEDT-TTF)4[(H30)Fe(C,04);]CsHsN.
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Fig. 1 C Ko XES of charge transfer salts in Fig. 2 C Ko XES in the vicinity of the Fermi level.

the entire valence-band region

In order to examine the behavior of the carbon emission features near the Fermi level, one would
need XPS binding energies of the C 1s core levels. Unfortunately such measurements have been
performed, up to now, only for few charge transfer salts [3]. The binding energies vary between
0.2 and 0.7 eV, allowing us to estimate the position of the Fermi level in the carbon Ko spectra
displayed. Fig. 2 shows carbon Ko XES in the vicinity of the Fermi level. For carbon C Ko XES
two Fermi level positions are indicated (Ef; and Ep) which correspond to the lower and higher C
Is binding energies, respectively. All spectra show almost linear tails in the vicinity of the Fermi
level (extending towards higher emission energies) and a suppression of the spectral weight at Eg.
This pseudogap as well as the absence of a Fermi edge is incompatible with the usual
spectroscopic behavior of normal 3D metals, which display Fermi-edges.

Our observations are in contrast to the conventional Fermi liquid picture of a metal where
quasiparticle bands cross the Fermi level. We conclude that non-Fermi liquid features are
observed in X-ray emission spectra of charge transfer salts. At the same time we point out that
the decrease in spectral weight in the XES spectra stretches over almost 2 eV, which seems
unreasonably large for Luttinger liquids. This value is even larger than the conduction
bandwidths derived for organic CT salts (0.5 to 1 V). This problem also exists in the non-Fermi
liquid interpretation of the photoemission spectra.
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Transition metals of the 5d-series, their alloys and compounds are used in a wide range of
applications. Unfortunately the direct study of their electronic structure by means of soft X-ray
emission spectroscopy is limited due to the absence of suitable X-ray transitions. According to
XPS measurements [1], the 5d transition elements (from Hf to Au) have 4pi/2.3/2 (N23) core levels
in the binding energy region of 380-643 eV. The X-ray emission bands of these metals, arising
from the electric dipole transitions between the 5d valence electrons and 4p core level vacancies
(5d—4p3/2.112 transition) can be used for studying the occupied density of 5d-states (DOS). Due to
the presence of strong competing radiationless transitions, these spectra are not listed in
systematic studies of soft X-ray emission bands of S5d-transition metals [2, 3]. Due to the
inherently low fluorescence yield of the ultra-soft x-ray emission process, we utilized the high
brightness available at Lawrence Berkeley National Laboratory's Advanced Light Source for the
measurements of fluorescence N, 3 X-ray emission spectra (XES) of 5d metals. The spectra were
taken at Beamline 8.0, employing the soft x-ray fluorescence endstation [4]. Photons with an
energy of 399-490 eV, were used for excitation. All measurements reported here were made with
a 100-micrometer entrance slit for the spectrometer.
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We succeeded in measuring non-resonant Sd-metal N3 (5d—4ps; transition) soft X-ray emission
spectra for Ta, TaC and Ta;Os [5]. The measurements are displayed in Fig. 1(a). X-ray emission
is governed by the dipole selection rule, Al =+ 1, which allows only for d- or s-valence electrons
to fill the p-type core holes in 5d atoms. The intensity of N, 3 non-resonant X-ray emission spectra
of 5d elements maps the d-density at the atomic site, or in a band structure picture, the contribution
of partial d-type density of states. The measured spectra have a signal to noise ratio of about 10
and show different spectral shape for metal, carbide and oxide evidencing the sensitivity to
chemical bonding. According to band structure calculations [5] displayed in Fig. 1b, the main
features of Ta 5d DOS are the same as in the total DOS and different in pure metal, carbide and
oxide. Ta 5d DOS in pure metal have three subbands (a-c) and occupy less energy range than that
of TaC. Ta 5d DOS in TaC are strongly hybridizing with the C 2p band giving rise to the
structures labeled (a to b). The additional subband labeled ¢ is due to hybridization with C 2s-
states. The rather complicated band structure of TaC is reflected in Ta N3 XES. The energy
position of calculated and experimental peaks is in reasonable agreement though the ratio of peaks
is rather different. In the case of tantalum pentoxide (Ta,0Os), the band structure calculations show
simpler structure because all Ta 5d electrons occupy the O 2p-band and the d-like band is empty
(metal atoms have d° configuration). Therefore only the O 2p—Ta 5d band and the atomic-like O
2s-band are present in the valence band of Ta)O,. In good agreement with the calculated
spectrum, the Ta N3 emission is of simpler structure for Ta,Os than for TaC. O 2s-states are not
seen in Ta N3 XES of Ta,Os because they are more localized than the C 2s-states and less
hybridized with Ta 5d-states.

5d—4p transitions seem to be more favorable for studying the electronic structure of 5d-metals
than 5d—5p and 5d—4f transitions, which are present in the ultra-soft region of 20-90 eV [3]. The
reason is that the corresponding metal N3 X-ray emission spectra are less influenced by core-level
vacancies due to the higher localization of 4p-levels compared to 5p and 4f-levels. Therefore one
can measure the undistorted density of 5d states.
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